The tightening of bolted joints. by Humble, Peter A.

A ll r ig h ts  re s e r v e d
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if materia! had to be removed,
a note  will indicate the deletion.
Published by ProQuest LLC (2017). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
THE TIGHTENING OF
BOLTED JOINTS 
by
P e t e r  A Humble BSc(Hons)
A T h e s is  s u b m it te d  f o r  t h e  D egree o f  
M a ste r  o f  P h ilo so p h y
D ep artm en t o f  M ech an ica l E n g in e e r in g  
U n iv e r s i ty  o f  S u rre y  
G u i ld f o r d , S u rre y
August 1986
ACKNOWLEDGEMENTS
-  P r o f e s s o r  I.M . A l l i s o n ,  Head o f  D epartm en t o f  
M echan ica l E n g in e e r in g , f o r  s u p e r v is in g  t h i s  r e s e a r c h ,  
p r o v id in g  h e lp f u l  a d v ic e ,  and  f o r  g iv in g  me th e  
o p p o r tu n i ty  t o  s tu d y  f o r  a  P o s tg ra d u a te  D eg ree .
-  MHH E n g in e e r in g  Co. L td .  f o r  f in a n c in g  t h i s  R e se a rc h  
S tu d e n ts h ip .  In  p a r t i c u l a r ,  I  w ould l i k e  t o  th a n k  Mr 
D. G. A l le n ,  M anaging D i r e c t o r ,  f o r  h i s  v a lu e d  
s u g g e s t io n s  and  en c o u ra g e m e n t. A lso , my th a n k s  t o  Mr 
T . B u l le n ,  E n g in e e r in g  M anager, f o r  h i s  a s s i s t a n c e  
th ro u g h o u t  t h i s  w ork .
I gratefully acluiowledge:
P e te r  A. Humble 
F a r le y  G reen , G u i ld fo rd  
A ugust 1986
SUMMARY
T h is  t h e s i s  p r e s e n t s  a  r e v ie w  o f  d i f f e r e n t  te c h n iq u e s  t o  t i g h t e n  a  b o l t e d  
j o i n t  and  i n v e s t i g a t e s  t h e  a b i l i t y  o f  t h e  m ethods t o  t i g h t e n  t h e  j o i n t  t o  a  
p r e s c r ib e d  b o l t  t e n s i o n .  A l i t e r a t u r e  su rv e y  was u n d e r ta k e n  w h ich  r e v e a le d  
t h a t  d i f f e r e n t  o p in io n s  e x i s t  r e g a r d in g  t h e  p e rfo rm a n c e  o f  c e r t a i n  t i g h t e n i n g  
m ethods and  th e  in f lu e n c e  o f  s e v e r a l  commonly e n c o u n te re d  f a c t o r s  on them .
T e s t  eq u ipm en t was d e s ig n e d  and  b u i l t  t o  s tu d y  t h e  p e rfo rm a n c e  o f  f i v e  
t i g h t e n i n g  m ethods: to rq u e  c o n t r o l ,  a n g le  c o n t r o l  -  e l a s t i c  r a n g e ,  a n g le  
c o n t r o l  -  y i e l d  r a n g e , y i e l d  c o n t r o l ,  and  lo a d  i n d i c a t i n g  w a s h e rs . The 
e f f e c t s  o f  a  num ber o f  p r a c t i c a l  f a c t o r s  on th e  p e rfo rm a n c e  o f  t h e s e  m ethods 
w ere  i n v e s t i g a t e d .  The m ain f a c t o r s  i n v e s t i g a t e d  w ere : j o i n t  s t i f f n e s s ,  n u t  
and  b o l t  p l a t i n g  and  g e o m e try , and  w ash e r ty p e .
The t e s t s  hav e  shown t h a t  y i e l d  c o n t r o l l e d  t ig h t e n i n g  and  a n g le  c o n t r o l  
( y ie ld  ran g e )  p ro v id e  t h e  m ost a c c u r a te  m ethods o f  t ig h t e n i n g  a  b o l t e d  j o i n t  
t o  a  p r e s c r ib e d  b o l t  t e n s i o n  (± 5%). T orque c o n t r o l  and  lo a d  i n d i c a t i n g  
w a sh e rs  (C oronet) c a n  t i g h t e n  t h e  j o i n t  t o  ± 10%. A ngle  c o n t r o l  ( e l a s t i c  
ran g e )  g iv e s  r e l a t i v e l y  p o o r  c o n t r o l  o v e r  b o l t  t e n s io n  (± 14%), l a r g e l y  due  t o  
v a r i a t i o n s  i n  snug  p o s i t i o n  and  t e n s io n - a n g le  g r a d i e n t .
The d e f l e c t i o n s  o f  t h e  j o i n t  com ponents i n f lu e n c e  t h e  p e rfo rm a n c e  o f  t h e  
a n g l e - r e l a t e d  t i g h t e n i n g  m eth o d s. The d e f l e c t i o n  o f  t h e  th r e a d e d  c o n n e c t io n  
i t s e l f  i s  s i g n i f i c a n t ,  e s p e c i a l l y  f o r  'h a r d '  j o i n t s .  T h is  c o n t r i b u t i o n  t o  t h e  
o v e r a l l  d e f l e c t i o n  h a s  b een  l a r g e l y  n e g le c te d  i n  p re v io u s  s t u d i e s .
M ethods t o  im prove t h e  a c c u ra c y  o f  t h e  t ig h t e n i n g  m ethods a r e  d i s c u s s e d .  
In  p a r t i c u l a r  t h e  u s e  o f  h a rd e n e d  w a sh e rs  t o  im prove t h e  a c c u ra c y  and 
r e p e a t a b i l i t y  o f  to rq u e  c o n t r o l  i s  recom m ended. F u r th e rm o re , p r e l im in a r y  
t e s t s  w ere  c o n d u c te d  on  t h e  d e s ig n  o f  a  w a sh e r , w h ich  w ould  i n d i c a t e  when th e  
j o i n t  h a s  b e e n  t ig h t e n e d  t o  a  p r e s c r ib e d  t e n s i o n .
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NOTATION
W here p o s s ib l e ,  t h e  sym bols u s e d  th ro u g h o u t  t h i s  t h e s i s  c o rre s p o n d  t o  th o s e  
u se d  by  B r i t i s h  S ta n d a rd s  BS 3643: 1981 and  BS 3580: 1964. E x cep t w here 
o b v io u s ly  i n a p p l i c a b l e ,  t h e  w ord ' b o l t '  may b e  ta k e n  t o  in c lu d e  s e ts c re w s  and  
s tu d s  and  ’n u t 1 may b e  ta k e n  t o  in c lu d e  ta p p e d  h o le s  i n  m e ta l b lo c k s  -  t h i s  
a p p l i e s  th ro u g h o u t  t h e  g e n e r a l  d i s c u s s io n  and  th e o r y .
1 . P r in c i p a l  N o ta t io n
Afo C ro ss  s e c t i o n a l  a r e a  o f  b o l t  c o r e  a c r o s s  t h r e a d s  mm2
Aq C ro ss  s e c t i o n a l  a r e a  o f  b o l t  sh an k  mm2
An C ro ss  s e c t i o n a l  a r e a  o f  n u t  body mm2
T e n s i le  s t r e s s  a r e a  o f  b o l t  mm2
Cq D e f le c t io n  f a c t o r  f o r  b o l t  th r e a d  
D e f le c t io n  f a c t o r  f o r  n u t  t h r e a d  
d  D iam e te r o f  p l a i n  shank  o f  b o l t  mm
d j  B a s ic  e f f e c t i v e  ( p i tc h )  d ia m e te r  o f  th r e a d  mm
d% M inor d ia m e te r  o f  e x t e r n a l  t h r e a d  mm
dfo D iam eter o f  b o l t  c l e a r a n c e  h o le  mm
d 0 D iam e te r o f  o u t e r  edge  o f  b e a r in g  a r e a  u n d e r  n u t  mm
d* D iam e te r o f  in n e r  ed g e  o f  b e a r in g  a r e a  u n d e r  n u t  mm
Efo Y oung 's  m odulus o f  e l a s t i c i t y  f o r  b o l t  kN/mm2
E Y oung 's  m odulus o f  e l a s t i c i t y  f o r  n u t  kN/mm2
E Y oung 's  m odulus o f  e l a s t i c i t y  f o r  c lam ped p a r t s  kN/mm2c
G M odulus o f  r i g i d i t y  kN/mm2
J  2 P o la r  moment o f  a r e a  o f  p l a i n  sh an k  mm4
<7^  P o la r  moment o f  a r e a  o f  th r e a d e d  shank  mm4
1 G rip  le n g th  o f  b o l t  mm
12 L en g th  o f  p l a i n  sh an k  mm
12 L en g th  o f  th r e a d e d  sh an k  mm
m D i f f e r e n t i a l  e q u a t io n  c o n s ta n t  1/mm
N F o rc e  norm al t o  t h r e a d  f l a n k  kN
P P i t c h  o f  t h r e a d  mm
P0 I n i t i a l  t e n s i l e  lo a d  i n  t h e  b o l t  d e v e lo p e d  by  t i g h t e n i n g  kN
Pfad Load d i s t r i b u t i o n  i n  th r e a d e d  c o n n e c t io n  kN
Pj2 A d d i t io n a l  lo a d  i n  b o l t  due  t o  e x t e r n a l  lo a d  kN
p y  E x te rn a l  lo a d  a p p l i e d  t o  c lam ped  p a r t  kN
X l l
E f f e c t i v e  r a d iu s  o f  c o n ta c t  b e tw een  n u t  and  w a s h e r / j o in t  mm
r 0 O u te r  r a d iu s  o f  m a te r i a l  a f f e c t e d  by b o l t  lo a d  ' mm
t  T h ic k n e ss  o f  n u t  mm
T T ig h te n in g  to r q u e  Nm
T Shank to rq u e  Nmo
T N ut b e a r in g  f a c e  to r q u e  Nm
W P o la r  moment o f  r e s i s t a n c e  o f  th r e a d  mm3
a T hread  h e l i x  a n g le  deg
Kl M easured a x i a l  d is p la c e m e n t  o f  shank  mm
p F la n k  a n g le  o f  th r e a d  i . e .  h a l f  t h e  in c lu d e d  a n g le  deg
6 T o ta l  d is p la c e m e n t  o f  t h e  b o l t e d  j o i n t  mm
£>£ D e f le c t io n  o f  engaged  p a r t  o f  b o l t  shank  mm-
6^ D e f le c t io n  o f  b o l t  h ead  mm
t>n D e f le c t io n  o f  n u t  body mm
b D e f le c t io n  o f  t h e  c lam ped  p a r t s  mm
tr
bs D e f le c t io n  o f  b o l t  sh an k  mm
&£ T o ta l  d e f l e c t i o n  o f  th r e a d e d  c o n n e c t io n  mm
R e l a t i v e . d e f l e c t i o n  o f  th r e a d e d  c o n n e c t io n  mm
6 ^  D e f le c t io n  o f  th r e a d  f l a n k s  mm
p P r e s s u r e  d i s t r i b u t i o n  o v e r  a r e a  p e r p e n d ic u la r  t o  b o l t  a x i s  kN/mm2
^  P o i s s o n 's  r a t i o
tt C o e f f i c i e n t  o f  f r i c t i o n  be tw een  m atin g  th r e a d s
M C o e f f i c i e n t  o f  f r i c t i o n  a t  b e a r in g  f a c e  o f  n u t  -
0 R o ta t io n  o f  n u t  r e l a t i v e  t o  b o l t  shank  end  deg
R o ta t io n  o f  n u t  r e l a t i v e  t o  b o l t  h ead  deg
es R o ta t io n  o f  end  o f  b o l t  sh an k  r e l a t i v e  t o  b o l t  h ead  deg
a A x ia l t e n s i l e  s t r e s s  i n  b o l t  shank  kN/mm2
a E f f e c t i v e  s t r e s s  (u sed  a s  t h e  c r i t e r i o n  o f  y ie ld )  kN/mm2
a Y ie ld  s t r e s s  o f  t h e  b o l t  kN/mm2
HP
X, S h e a r  s t r e s s  ( t o r s io n a l  s t r e s s  i n  b o l t )  kN/mm2
X l l l
C C a l ib r a t i o n  C o e f f i c i e n t
c,m L in e a r  r e g r e s s io n  i n t e r c e p t  (Y -ax is)  and  g r a d i e n t
E A ccuracy  e r r o r  acc J
E P r e c i s io n  e r r o r  pm
n Number o f  d a ta  p a i r s  
s  S ta n d a rd  d e v ia t io n  
S S ta n d a rd  e r r o r  o f  s lo p e
t  S t u d e n t 's  t  v a lu e  a t  s p e c i f i e d  c o n f id e n c e  l i m i t
x . , y .  D a ta  p a i r  ( g e n e r a l )IS IS
x  Mean v a lu e
2. Statistical Notation
3 . D isc  S p r in g  N o ta t io n
D0 O u te r  d ia m e te r
D. I n n e r  d ia m e te r
t  D isc  th ic k n e s s
h R e fe re n c e  h e ig h t
mm
mm
mm
mm
1The p rob lem  o f  a c h ie v in g  a c c e p ta b le  m e ta l- to - m e ta l  j o i n t s  h a s  ham pered 
e n g in e e r s  f o r  many h u n d red s  o f  y e a r s .  The p rob lem  rem ain ed  p r a c t i c a l l y  
u n s o lv e d  u n t i l  t h e  I n d u s t r i a l  R e v o lu tio n  i n  th e  1 9 th  c e n tu r y .  The d ependence  
o f  t h e  r e v o lu t io n  on m ach in ery  p ro v id e d  t h e  i n c e n t iv e  w h ich  le d  t o  t h e  
i n t r o d u c t i o n  on a  com m ercial s c a l e  o f  b o l t i n g ,  r i v e t i n g ,  s o ld e r in g  and  f i n a l l y  
w e ld in g .
1 Today t h e r e  a r e  num erous j o in i n g  te c h n iq u e s  a v a i l a b l e ,  and  t h e  p ro b lem  i s  
n o t  how t o  j o i n ,  b u t  how t o  s e l e c t  t h e  b e s t  m ethod o f  j o i n i n g .  One o f  t h e  
p r im a ry  c o n s id e r a t io n s  i s  w h e th e r  o r  n o t  t h e  j o i n t  i s  t o  be  d is m a n tle d  a t  a  
l a t e r  s t a g e .  However, t h e  d i s t i n c t i o n  may n o t  b e  so  c l e a r - c u t .  F o r ex am p le , 
sc rew ed  f a s t e n e r s  a r e  f r e q u e n t l y  u se d  w here  t h e r e  i s  no  r e a l  i n t e n t i o n  f o r  t h e  
j o i n t  t o  b e  d is m a n tle d  b e c a u se  th e y  p ro v id e  a  c o n v e n ie n t  and  c h e ap  m ethod o f  
j o in i n g  com ponen ts . L e ss  f r e q u e n t l y ,  how ever, n o rm a lly  p e rm an en t f a s t e n in g  
m eth o d s, su ch  a s  w e ld in g , may b e  u s e d  w here l a t e r  a c c e s s  i s  in te n d e d ,  e . g .  i n  
n u c le a r  e n g in e e r in g ,  s in c e  o n ly  i n  t h i s  way c a n  j o i n t s  o f  a d e q u a te  i n t e g r i t y  
b e  p ro v id e d  -  even  i f  su b s e q u e n t r e p la c e m e n t  in v o lv e s  c u t t i n g  .and re w e ld in g .
F u r th e rm o re , t h e  econom ic im p l ic a t io n s  o f  s e l e c t i n g  t h e  m ost s u i t a b l e  
j o in i n g  m ethod a r e  tre m e n d o u s . F o r exam p le , th e  a i r f r a m e  o f  a  l a r g e  j e t  
a i r l i n e r  h a s  a p p ro x im a te ly  2 .4  m i l l i o n  f a s t e n e r s  r e p r e s e n t in g  a  c o n s id e r a b le  
in v e s tm e n t  i n  b o th  th e  u n i t  c o s t  o f  t h e  f a s t e n e r  and  o f  t h e  assem b ly  
o p e r a t io n .
Screw ed f a s t e n e r s  r e p r e s e n t  t h e  m ost w id e ly  u se d  o f  t h e  dem o u n tab le  
f a s t e n in g  te c h n iq u e s .  The b o l t e d  j o i n t  i s  u se d  i n  m ost e n g in e e r in g  
a s s e m b lie s ,  s in c e  i t  p r o v id e s  a  c o n v e n ie n t  m ethod o f  jo in in g  com ponents w h ich  
c a n  s u b s e q u e n t ly  b e  d is m a n tle d .  How ever, from  th e  e n g in e e r 's  p o i n t  o f  v iew , 
t h e i r  p r o p e r t i e s  a r e  d e p e n d e n t on t h e  a ssem b ly  o p e r a t io n  i t s e l f ,  w h ich  ch an g es  
t h e  b o l t  and  p a r t s  t o  be  c lam ped  from  'c o m p o n e n ts ' i n t o  a  ' j o i n t ' .
CHAPTER ONE
INTRODUCTION
2The fu n d am e n ta l r e a s o n  f o r  u s in g  a  n u t  and  b o l t  i s  t o  c lam p two o r  more 
com ponents t o g e th e r  t o  fo rm  a  j o i n t .  The j o i n t  i s  g e n e r a l l y  t ig h t e n e d  so  t h a t  
i t  r e s i s t s  e x te r n a l  lo a d  s u b je c t in g  t h e  j o i n t  t o  a x i a l  o r  s h e a r  f o r c e s ,  o r  t o  
a  c o m b in a tio n  o f  t h e s e .  The n eed  t o  re d u c e  c o s t s ,  em ploy new m a t e r i a l s  and  t o  
im prove s a f e t y  i n  t h e  a e ro s p a c e ,  a u to m o tiv e  and  o th e r  m e c h a n ic a l eq u ip m en t 
i n d u s t r i e s  h a s  i n c r e a s e d  t h e  r e q u ir e m e n t  f o r  r e l i a b i l i t y  and  u n d e rs ta n d in g  o f  
b o l t e d  j o i n t s .
F o r many y e a r s  i t  h a s  b e e n  r e a l i z e d  t h a t  th e  r e l i a b i l i t y  o f  a  b o l te d  
j o i n t  d epends on t h r e e  f a c t o r s :
a) p r o p e r t i e s  o f  t h e  f a s t e n e r  i t s e l f ,  i . e .  i t s  g e o m e try , c o r r e c t  
m a te r i a l  g ra d e  and  h e a t  t r e a tm e n t ,
b) j o i n t  lo a d  r e s p o n s e ,  s p e c i f i c a l l y  t h e  e f f e c t  o f  e x t e r n a l  lo a d in g  on 
th e  j o i n t  and  f a s t e n e r ,
c) a c c u ra c y  w ith  w h ich  t h e  c a l c u l a t e d  j o i n t  clam p lo a d  i s  a c h ie v e d  by  
th e  t i g h t e n i n g  p r o c e s s .
I n s u f f i c i e n t  a t t e n t i o n  t o  any  one  o f  t h e s e  c a n  le a d  t o  f a i l u r e  o f  th e  j o i n t .
C o n s id e ra b le  p r o g r e s s  h a s  b e e n  m ade, i n i t i a l l y  i n  t h e  a e ro s p a c e  i n d u s t r y ,  
i n  im p ro v in g  th e  r e l i a b i l i t y  o f  t h e  f a s t e n e r  i t s e l f .  T h is  w ork h a s  r e s u l t e d  
i n  f a s t e n e r s  w i th  im proved  p e rfo rm a n c e  -  p r i n c i p a l l y  in c r e a s e d  f a t i g u e  l i f e  
and  im proved  lo a d  c a r r y in g  c a p a c i ty .  F o r exam p le , t h e  s t r e s s  c o n c e n t r a t io n s  
w h ich  o c c u r  i n  b o l t s  due  t o  t h r e a d s  (n o tc h  e f f e c t )  and  t h e  h e a d  t o  shank  
f i l l e t  c a n  b e  m o d if ie d  by  s p e c i a l  m a n u fa c tu r in g  p ro c e d u re s  ( 1 ) .  By r o l l i n g  
t h e  t h r e a d s  and  f i l l e t  a r e a  a f t e r  h e a t  t r e a tm e n t ,  t h e  f a t i g u e  s t r e n g t h  c a n  b e  
g r e a t l y  en h a n ce d . M ethods h av e  a l s o  b een  p ro p o se d  t o  s p re a d  th e  lo a d  c a r r i e d  
by  t h e  engaged  t h r e a d s .  I t  i s  w e l l  known t h a t  t h e  lo a d  d i s t r i b u t i o n  a lo n g  th e  
t h r e a d  h e l i x  i s  n o t  u n ifo rm  and  c o n s e q u e n t ly  some r e s e a r c h e r s  hav e  p ro p o se d  
d e s ig n s  f o r  m o d if ie d  n u t s .  Kennedy and  P a t t e r s o n  (2) d e s c r ib e  a  n u t  d e s ig n  
w h ich  r e d i s t r i b u t e s  t h e  lo a d  a lo n g  t h e  th r e a d  h e l i x  by r e l i e v i n g  th e  lo a d  
c a r r i e d  by  t h e  f i r s t  few  th r e a d  t u r n s .  A l t e r n a t i v e l y ,  m o d if ic a t io n s  t o  th e
3th r e a d  form  c a n  im prove t h e  lo a d  d i s t r i b u t i o n :  S p a r l in g  (3) d e v e lo p e d  a  
te c h n iq u e  o f  m o d ify in g  t h e  th r e a d  o f  t h e  n u t .
The d e c i s io n  t o  u s e  th r e a d e d  f a s t e n e r s  p r e s e n t s  a  f u r t h e r  p ro b le m , i n  
t h a t  v i b r a t i o n  te n d s  t o  lo o s e n  t h e  c o n n e c t io n .  C o n s e q u e n tly , d e v e lo p m en ts  
h av e  b e e n  made i n  f a s t e n e r s  w i th  s p e c i a l  f e a t u r e s  t h a t  r e s i s t  t h e  i n f lu e n c e s  
o f  v i b r a t i o n ,  r a n g in g  from  c a s t l e  n u t s ,  lo c k w a sh e rs , t o  a d h e s iv e s  (eg 
' L o c k t i t e ' ) .  The m ost im p o r ta n t  o f  t h e s e  have  b e e n  d e v ic e s  w h ich  in t r o d u c e  a  
'p r e v a i l i n g  to r q u e ' w h ich  c o u n te r s  t h e  b a c k - o f f  to rq u e  c r e a t e d  by  t h e  i n c l i n e d  
p la n e s  o f  t h e  t h r e a d s .
The a d v e n t o f  i n d u s t r i a l i s a t i o n  i n  t h e  1 9 th  c e n tu r y  n e c e s s i t a t e d  t h e  
s y s te m a t ic  d e s ig n  o f  s t r u c t u r a l  p a r t s  an d  t h e i r  a s se m b ly . The a n a ly s i s  o f  
b o l t e d  j o i n t s  n o rm a lly  assum ed a  m odel o f  tw o p l a t e s  c lam ped  t o g e t h e r  by  a  n u t  
and b o l t .  The c o n ta c t  a r e a  o f  t h e  c lam ped  p a r t s  was assum ed t o  b e  many t im e s  
t h a t  o f  t h e  b o l t  c r o s s - s e c t i o n .  I n  t h i s  w ay, a  r e l a t i v e l y  h i g h l y - s t r e s s e d  and  
low s p r i n g - r a t e  b o l t  co m p ressed  t h e  r e l a t i v e l y  s t i f f ,  l i g h t l y - s t r e s s e d  p l a t e s ,  
a s  i l l u s t r a t e d  i n  F ig u re  1 .1 .  As a  co n seq u e n c e  o f  t h i s  m odel, t h e  a d d i t i o n a l  
lo a d  e x p e r ie n c e d  by t h e  f a s t e n e r  due  t o  t h e  e x t e r n a l  a p p l i e d  lo a d  c o u ld  b e  
d e te rm in e d .
T h is  a p p ro a c h  h a s  u n t i l  r e c e n t l y  fo rm ed  t h e  b a s i s  o f  t h e  m ethod f o r  
c a l c u l a t i n g  t h e  j o i n t  lo a d  r e s p o n s e .  How ever, r e c e n t  s t u d i e s ,  p r im a r i l y  i n  
E u ro p e , h av e  made s i g n i f i c a n t  t h e o r e t i c a l  a d v an ces  i n  t h e  f i e l d  o f  lo a d  
d e f l e c t i o n  a n a ly s i s  i n  com plex  b o l t e d  j o i n t s .  I t  i s  now re c o g n iz e d  t h a t  th e  
g eo m etry  o f  b o l t e d  j o i n t s  i s  m ore com plex  th a n  th e  s im p le  l i n e a r  m odel. I n  
p a r t i c u l a r ,  i t  h a s  b e e n  e s t a b l i s h e d  t h a t  m ost j o i n t s  h av e  e c c e n t r i c i t y  due  t o  
t h r e e  a x e s  a s  shown i n  F ig u re  1 .2 .  The c o n seq u en ce  o f  t h i s  w ork h a s  b een  t o  
i n c r e a s e  t h e  u n d e rs ta n d in g  and  r e l i a b i l i t y  o f  t h e  j o i n t  lo a d  re s p o n s e  
c a l c u l a t i o n .
4FIGURE 1 .1
E c c e n t r i c a l l y  Clamped and  Loaded B o l te d  J o i n t FIGURE 1 .2
i
51 .1  D evelopm ent o f  T ig h te n in g  P r a c t i c e s
I n  c o n t r a s t ,  t h e  d ev e lo p m en t o f  p r e c i s e  c o n t r o l  sy s te m s  f o r  t h e  a ssem b ly  
o f  b o l te d  j o i n t s  h a s  s ta g n a te d  f o r  a  lo n g  t im e ,  w i th  new te c h n iq u e s  o n ly  b e in g  
p ro p o se d  r e l a t i v e l y  r e c e n t l y .  The m ain r e a s o n  f o r  t h i s  was t h a t  d u r in g  t h e  
d ev e lo p m en t o f  t h e  c o n t r o l  s y s te m s , p a r t i c u l a r l y  pow er w re n c h e s , p r o d u c t i v i t y  
and  q u a l i t y  c o n t r o l  o f  m ass p r o d u c t io n  h av e  b e e n  th e  m ain  d e s ig n  o b j e c t iv e s  
r a t h e r  th a n  p r e c i s e  c o n t r o l  o f  b o l t  c la m p in g  f o r c e .  F o r t h i s  p u rp o s e , im p a c t 
w ren ch es a s  w e l l  a s  s i n g l e  and  m u l t i - s p in d l e  a i r s t a l l  w ren ch es  hav e  b e e n  
d e v e lo p e d  f o r  u se  i n  a u to m a tic  a sse m b ly  l i n e s .  Such t o o l s  c a n  b e  d r iv e n  down 
a t  h ig h  sp e ed  and  t h e  f a s t e n e r s  c a n  b e  a ssem b led  q u ic k ly .  They u s u a l ly  have  
an  a u to m a tic  s h u t - o f f  m echanism  o p e ra te d  by  th e  a p p l ie d  to r q u e  w h ich  
e l im in a te s  t h e  n e c e s s i t y  f o r  t h e  o p e r a to r  t o  d e c id e  w h e th e r  t h e  sc rew  h a s  b een  
t ig h t e n e d  p r o p e r ly .
T r a d i t i o n a l l y ,  to r q u e  h a s  b een  u se d  a s  t h e  p a ra m e te r  th ro u g h  w hich  th e  
p r e lo a d  c a n  b e  m easured  and  c o n t r o l l e d .  However, p a r t i c u l a r l y  i n  Germany, t h e  
1 T u rn -o f -N u t1 m ethod h a s  a l s o  b e e n  u s e d . I t  was in t r o d u c e d  i n i t i a l l y  f o r  
m anual a s se m b ly , w here a  c e r t a i n  t i g h t e n i n g  a n g le  was s p e c i f i e d .  In  i t s  
c u r r e n t  form  f o r  pow er w re n c h e s , t h e  sc rew  i s  t ig h t e n e d  from  some datum  p o i n t  
t o  a  p re d e te rm in e d  a n g le  beyond i t s  e l a s t i c  ra n g e  t o  g iv e  t h e  p r e s c r ib e d  b o l t  
t e n s i o n .  How ever, to d a y ,  t h e r e  a r e  a  num ber o f  te c h n iq u e s  a v a i l a b l e  w h ich  
hav e  b een  d e v e lo p e d  t o  t i g h t e n  a  n u t  an d  b o l t .
1 .2  Im p o rta n c e  o f  P r e c i s e  T ig h te n in g
W here e x te r n a l  lo a d s  a r e  s m a ll  o r  n o n - e x i s t e n t ,  o r  w here  r e l a t i v e  
movement be tw een  t h e  p a r t s  b e in g  b o l t e d  t o g e th e r  i s  n e g l i g i b l e ,  t h e  
p ro b lem  o f  c o r r e c t  t ig h t e n i n g  i s  u n l ik e ly  t o  b e  im p o r ta n t .  How ever, w here 
d e f i n i t e  e x te r n a l  lo a d s  a r e  t o  b e  c a r r i e d ,  t h e  f a s t e n e r  and  i t s  c o r r e c t  
t ig h t e n i n g  i s  v i t a l  t o  t h e  i n t e g r i t y  o f  t h e  j o i n t .  T ake , f o r  ex am p le , t h e  
c a s e  o f  a  s in g l e  s h e a r  j o i n t  a s  shown i n  F ig u re  1 .3 a .  P ro v id e d  t h a t  t h e  s h e a r  
lo a d s  and  b e a r in g  s t r e s s e s  a r e  w i th in  t h e  l i m i t s  f o r  th e  m a t e r i a l s ,  th e n  th e
6d e s ig n  s h e a r  lo a d s  c a n  b e  a p p l i e d  i f  t h e  j o i n t  h a s  b een  s u f f i c i e n t l y  
t ig h t e n e d .  I f ,  how ever, t h e r e  i s  i n s u f f i c i e n t  p r e lo a d ,  th e n  t h e  b o l t  w i l l  b e  
s u b je c te d  t o  a d d i t i o n a l  lo a d  due  t o  b e n d in g  (F ig u re  1 .3 b ) .
The b e n e f i c i a l  e f f e c t  o f  p r e lo a d  on th e  f a t i g u e  l i f e  o f  b o l t s  h a s  b een  
w e l l  e s t a b l i s h e d .  F o r ex am p le , t h e  c r a s h  o f  a  V ic k e rs  V is c o u n t  a i r c r a f t  w h i le  
a p p ro a c h in g  t o  la n d  a t  M a n ch es te r a i r p o r t  i n  1957 ( 4 ) ,  was a t t r i b u t e d  t o  t h e  
f r a c t u r e  o f  th e  9 /1 6 "  d ia m e te r  b o l t  h o ld in g  down t h e  b o tto m  o f  t h e  s t a r b o a r d  
f l a p  u n i t ,  and  t h i s  f a i l u r e  was due  t o  f a t i g u e .  I t  was c o n c lu d e d  t h a t  t h e  
b o l t  was s e v e r e ly  f a t i g u e d  b e c a u s e  i t  had  b een  s u b je c te d  t o  e x c e s s iv e  s t r e s s  
f l u c t u a t i o n s  and  m ag n itu d e . T h is  had  b e e n  u n d e re s t im a te d  by  t h e  d e s ig n e r s ,  
b u t  more im p o r ta n t ly ,  t h e r e  had  b een  no c o n t r o l  i n  t h e  t i g h t e n i n g  o f  t h e  b o l t  
d u r in g  assem b ly  ( r e s u l t i n g  i n  i n s u f f i c i e n t  t e n s io n  i n  t h e  b o l t )  w h ich  was a  
c o n t r ib u to r y  f a c t o r  t o  t h e  f a i l u r e  (one o f  t h e  recom m endations o f  th e  
i n v e s t i g a t i o n  r e p o r t  was t o  i n t r o d u c e  t e n s i o n  c o n t r o l  by  to r q u e  t i g h t e n i n g ) .
In  g e n e r a l  t e r m s ,  h ig h  p r e lo a d  re d u c e s  t h e  lo a d  f l u c t u a t i o n s  e x p e r ie n c e d  by  
t h e  b o l t  and  h en ce  in c r e a s e s  i t s  f a t i g u e  l i f e .
In  many s i t u a t i o n s  u n ifo rm  p r e lo a d  i s  r e q u i r e d .  T h is  c a n  o f t e n  b e  a s  
im p o r ta n t  a s  a  p a r t i c u l a r  p r e lo a d .  F o r  ex am p le , lo a d in g  a  g ro u p  o f  f a s t e n e r s  
a ro u n d  a  f la n g e  i r r e g u l a r l y  c a n  c a u s e  w arp  o r  damage t o  t h e  j o i n t  members o r  
t h e  g a s k e t .  N on-un ifo rm  p r e lo a d  c a n  a l s o  mean t h a t  o n ly  a  few  b o l t s  c a r r y  t h e  
e x te r n a l  lo a d .
G e n e r a l ly ,  j o i n t  f a i l u r e  c a n  o c c u r  i f  i n s u f f i c i e n t  p r e lo a d  i s  in d u c e d  i n  
t h e  b o l t .  From b o th  a  w e ig h t  and  c o s t  p o i n t  o f  v iew , f o r  maximum b o l t  
e f f i c i e n c y ,  t h e  h i g h e s t  p o s s ib l e  p r e lo a d  f o r  a  g iv e n  b o l t  s i z e  i s  d e s i r e d .
1 .3  P u rp o se  and  Scope o f  t h i s  Work
I t  h a s  b e e n  shown t h a t  c o n s id e r a b le  work h a s  b een  u n d e r ta k e n  t o  im prove 
b o th  t h e  r e l i a b i l i t y  o f  t h e  f a s t e n e r  and  t h e  u n d e rs ta n d in g  o f  t h e  j o i n t  lo a d  
r e s p o n s e ,  s p e c i f i c a l l y  t h e  e f f e c t  o f  e x t e r n a l  lo a d in g  on t h e  j o i n t  and  th e  
f a s t e n e r .
Typical Shear Joint FIGURE 1.3
a) D esig n  L oad ing  o f  J o i n t  p ro v id e d  s u f f i c i e n t  B o l t  T e n s io n
b) E f f e c t  o f  lo o s e  b o l t  i n  S in g le  S h ea r J o i n t
8I t  i s ,  how ever, o n ly  r e c e n t l y  t h a t  new te c h n iq u e s  h av e  b e e n  p ro p o se d  t o  
c o n t r o l  t h e  c lam p in g  f o r c e  g e n e ra te d  by  t h e  f a s t e n e r .  The m ain  c o n c lu s io n s  o f  
t h e  work i n  t h i s  f i e l d  h a v e  b e e n  t o  r e j e c t  'T o rq u e  C o n t r o l ' a s  a  p r e c i s e  
t e n s i o n  c o n t r o l  te c h n iq u e  i n  f a v o u r  o f  more com plex c o n t r o l  sy s te m s  su ch  a s  
g r a d i e n t  c o n t r o l l e d  and  y i e l d  c o n t r o l l e d  s y s te m s . I n v e s t ig a t io n s  i n t o  t h e  
p e rfo rm a n c e  o f  t h e  v a r io u s  t i g h t e n i n g  m ethods hav e  c o n c lu d e d  t h a t  w i th  to r q u e  
c o n t r o l  t h e r e  a r e  p ro b lem s i n  d e d u c in g  t h e  c o r r e c t  to rq u e  v a lu e  t o  g iv e  t h e  
r e q u i r e d  b o l t  t e n s i o n .  How ever, w i th  g r a d i e n t  c o n t r o l l e d  t i g h t e n i n g  th e  
s c a t t e r  i n  t h e  r e s u l t a n t  t e n s i o n  i s  s i g n i f i c a n t l y  re d u c e d . I t  i s  w id e ly  
a c c e p te d  t h a t  t h e r e  c a n  be  c o n s id e r a b le  s c a t t e r  i n  t h e  r e s u l t a n t  b o l t  t e n s i o n  
u s in g  to rq u e  c o n t r o l ;  how ever, to r q u e  c o n t r o l  h a s  b een  d is m is s e d  q u ic k ly  i n  
f a v o u r  o f  t h e s e  o t h e r  m ethods w i th o u t  any  r e a l  a n a ly s i s  o f  t h e  r e a s o n s  f o r  t h e  
i n a c c u r a c i e s .
T h e re  i s  a  la c k  o f  in d e p e n d e n t  in fo r m a t io n  on th e  r e l a t i v e  p e rfo rm a n c e  o f  
d i f f e r e n t  t i g h t e n i n g  m ethods t h a t  a r e  c u r r e n t l y  u s e d . In  t h i s  a b s e n c e , t h e  
m ain p u rp o se  o f  t h i s  t h e s i s  i s  t o  p r e s e n t  a  ' s t a t e - o f - t h e - a r t '  a s s e s s m e n t  o f  
t h e  d i f f e r e n t  t i g h t e n i n g  m eth o d s . The w ork w i l l  b e  c o n f in e d  t o  i n v e s t i g a t i n g  
b o th  t h e  t h e o r e t i c a l  b a s i s  o f  t h e  te c h n iq u e s  and  th e  p r a c t i c a l  f a c t o r s  
a f f e c t i n g  t h e  a b i l i t y  o f  t h e  a sse m b ly  m ethods t o  t i g h t e n  t h e  j o i n t  t o  a  
p r e s c r ib e d  b o l t  t e n s i o n .  No i n v e s t i g a t i o n  w i l l  t a k e  p la c e  on  t h e  r e l i a b i l i t y  
o f  th e  f a s t e n e r  o r  on t h e  e f f e c t  o f  e x t e r n a l  lo a d in g  e x c e p t  w here th e y  
i n f lu e n c e  t h e  p e rfo rm a n c e  o f  t h e  t i g h t e n i n g  te c h n iq u e s .
A f u r t h e r  r e q u ire m e n t  o f  t h i s  w ork was t o  i n v e s t i g a t e  w h e th e r  o r  n o t  
any  new d ev e lo p m en ts  w ould  le a d  t o  a  new te c h n iq u e  o f  t i g h t e n i n g  b o l t s ,  w h ich  
c o u ld  b e  c o m m e rc ia lly  d e v e lo p e d . F u r th e rm o re , t h i s  t h e s i s  w i l l  s u g g e s t  
im provem ents t o  c u r r e n t  t i g h t e n i n g  p r a c t i c e s  w h ich  w i l l  r e s u l t  i n  b e t t e r  
a c c u ra c y  i n  t h e  in d u c e d  b o l t  t e n s i o n .  T h is  work w i l l  i n d i c a t e  w h e th e r  any  
t h e  im provem ents a r e  w o rth  p u r s u in g  i n  t h e  l i g h t  o f  c o n c lu s io n s  draw n from  
t h e  m ain  body o f  t h e  t h e s i s .
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A ll  th e  m ethods u se d  t o  c o n t r o l  b o l t  t e n s io n  r e l y  upon some r e l a t e d
c h a r a c t e r i s t i c  o f  t h e  b e h a v io u r  o f  t h e  j o i n t  a s  i t  i s  t i g h t e n e d .  The s im p le s t  
b o l t e d  j o i n t  i s  shown i n  F ig u re  2 .1 .  The j o i n t  c o n s i s t s  o f  two p l a t e s  c lam ped  
to g e th e r  by a  n u t  and  a  b o l t ,  t h e  a x i s  o f  w h ich  i s  p e r p e n d ic u la r  t o  t h e  
s u r f a c e  o f  th e  p l a t e s .
In  o r d e r  t o  g e n e r a te  t h e  c la m p in g  f o r c e ,  a  to rq u e  i s  a p p l ie d  t o  t h e  n u t
w hich  r o t a t e s  r e l a t i v e  t o  t h e  b o l t  h e a d . As th e  j o i n t  i s  t i g h t e n e d ,  s t r e s s e s
a r e  in d u ce d  i n  t h e  b o l t  due  t o  t h e  i n f lu e n c e s  o f  t h e  a p p l i e d  to r q u e ,  n u t  
r o t a t i o n  and  th e  in d u c e d  c la m p in g  f o r c e .  The j o i n t  d e f l e c t s ,  ch a n g in g  t h e  
g eo m etry  o f  b o th  t h e  b o l t  and  o f  t h e  c lam ped  p a r t s .  Below a  c e r t a i n  s t r e s s  
th e  d e f l e c t i o n s  o f  t h e  j o i n t  w i l l  b e  e l a s t i c .  Beyond t h e  e l a s t i c  l i m i t  t h e  
d e f l e c t i o n s  w i l l  n o t  b e  f u l l y  r e c o v e r a b le  and  i n  t h i s  r e g io n  many o f  th e  
r e l a t i o n s h i p s  p ro p o se d  l a t e r  w i l l  n o t  b e  a p p l i c a b l e .  F ig u re  2 .2  shows t h e  
lo a d s  on th e  b o l t  a s  i t  i s  t ig h t e n e d .
The i n i t i a l  c lam p in g  f o r c e  c r e a te d  by  th e  f a s t e n e r  a s  i t  i s  t ig h t e n e d  c a n  
b e  c o n t r o l l e d  by  v a r io u s  te c h n iq u e s  su ch  a s  to rq u e  c o n t r o l ,  a n g le  c o n t r o l ,  
g r a d i e n t  c o n t r o l l e d  t i g h t e n i n g ,  e lo n g a t io n  m easurem ent and  p r e te n s io n in g  
m eth o d s. A number o f  d e v ic e s  h av e  b e e n  d e v e lo p e d  t o  c o n t r o l  t h e  b o l t  t e n s i o n ,  
su ch  a s  l o a d - i n d i c a t i n g  w a sh e rs  and  lo a d - i n d ic a t i n g  b o l t s .  T hese  m ethods have  
b e e n  d e v e lo p e d  o v e r  many y e a r s  p r o v id in g  in fo rm a t io n  a b o u t t h e i r  r e l a t i v e  
a d v a n ta g e s  and  d is a d v a n ta g e s .  A num ber o f  l a b o r a to r y  te c h n iq u e s  have  b e e n  
d e v e lo p e d  t o  m o n ito r  th e  t e n s i o n  i n  a  b o l t  d u r in g  b o th  t h e  i n i t i a l  t ig h t e n i n g  
and  a l s o  d u r in g  s u b s e q u e n t lo a d in g .  T hese m ethods in c lu d e  b o l t  h ead  s t r a i n  
m easu rem en t, sh an k  s t r a i n  m easurem ent and  b o l t  e lo n g a t io n  d e te r m in a t io n .
In  r e v ie w in g  th e s e  te c h n iq u e s  t o  c o n t r o l  t h e  b o l t  c la m p in g  f o r c e  i t  i s  
n e c e s s a ry  t o  i n v e s t i g a t e  b o th  t h e  t h e o r e t i c a l  b a s i s  and t h e  a c tu a l  p e rfo rm a n c e
2.1 Introduction - The Bolted Joint
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Typical Configuration of a Bolted Connection FIGURE 2.1
F o rc e s  A c tin g  on t h e  B o l t  d u r in g  I n i t i a l  T ig h te n in g FIGURE 2 .2
o f  t h e  m ethods. F u r th e rm o re , t h e  in f lu e n c e  o f  t h e  b e h a v io u r  o f  t h e  j o i n t  upon 
t h e  a b i l i t y  o f  t h e  te c h n iq u e s  t o  a c h ie v e  a  p r e s c r ib e d  p r e lo a d  m ust a l s o  b e  
c o n s id e r e d .
2 .2  T orque C o n tro l
C o n t r o l l in g  th e  b o l t  c lam p in g  f o r c e  by  m easu rin g  t h e  to rq u e  a p p l i e d  t o  
th e  n u t  i s  by  f a r  t h e  m ost common and  w id e sp re a d  m ethod i n  u s e  to d a y . I t  i s  
s im p le ,  r e q u i r e s  no datum  p a ra m e te r s ,  and  i s  t h e  lo w e s t  c o s t  sy s te m . The 
m ethod r e l i e s  upon t h e  a s su m p tio n  t h a t  t h e  r e l a t i o n s h i p  b e tw een  th e  a p p l i e d  
to rq u e  and  t h e  r e s u l t a n t  b o l t  t e n s i o n  i s  b o th  l i n e a r  and  r e p e a ta b l e  w i th in  t h e  
e l a s t i c  r a n g e  (5 , 6 , 7 ) .
T h e re  a r e  many ty p e s  o f  t o o l  a v a i l a b l e  t o  m easure  t h e  to r q u e  a p p l ie d  t o  
th e  n u t ,  w i th  v a ry in g  a c c u r a c i e s .  Im p ac t w renches i n c o r p o r a t in g  sm a ll hammers 
w hich  im p a r t  r e p e a te d  b low s on an  a n v i l  a r e  n o to r io u s ly  i n a c c u r a t e  (± 20%). 
However, w i th  m odern e l e c t r o n i c s ,  much h ig h e r  a c c u r a c ie s  i n  t h e  to rq u e  
m easurem ent a r e  p o s s ib l e  (±0.5  %). G e n e r a l ly ,  m ost m e c h a n ic a l d e v ic e s ,  su ch  
a s  d i a l  i n d i c a t i n g  w renches and  to r q u e  l i m i t i n g  d e v ic e s  h av e  an  a c c u ra c y  o f  
± 3-5% i n  th e  to rq u e  m easu rem en t. A ccu racy  o f  t h e  t o o l  i s  n o t  t h e  o n ly  f a c t o r  
t o  c o n s id e r :  o p e r a to r  e r r o r s  c a n  e a s i l y  w ipe  o u t  t h e  g a in s  made i n  a c c u ra c y  
(8) and  b e c a u se  o f  t h i s ,  many t o o l s  on th e  m ark e t now p ro v id e  a  means o f  
i n d i c a t i n g  t h a t  t h e  s p e c i f i e d  to r q u e  h a s  b een  r e a c h e d , su ch  a s  p r e s e t s ,  l i g h t  
s i g n a l s  and  a u d ib le  o u tp u ts .
A l t e r n a t i v e l y ,  t h e  to rq u e  m easurem ent c a n  b e  in c o r p o r a te d  i n  t h e  f a s t e n e r  
i t s e l f  i n s t e a d  o f  t h e  t o o l .  'T o rq  s h e a r 1 b o l t s  w ere m ark e te d  by GKN i n  t h e  
1 9 6 0 ' s  and  a  m o d if ic a t io n  o f  t h e  sy s te m  i s  now u se d  i n  t h e  USA ( 9 ) .  A t a  
p re d e te rm in e d  to rq u e  t h e  t i g h t e n i n g  s p in d le  s h e a r s ,  th u s  l i m i t i n g  th e  a p p l i e d  
to r q u e .  A n o th er sy s tem  in c o r p o r a t e s  a  d i s p o s a b le  n u t  w h ich  f r a c t u r e s  when th e  
nom ina l to rq u e  i s  a p p l i e d ;  t h i s  sy s te m  was d e v e lo p e d  by G uard-N ut (10 ) .
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The to r q u e  r e q u i r e d  t o  t i g h t e n  t h e  j o i n t  c o n s i s t s  o f  t h r e e  com ponen ts: 
t h e  to rq u e  a b so rb e d  overcom ing  th e  f r i c t i o n  a t  t h e  t h r e a d s ,  to rq u e  r e q u i r e d  t o  
d r iv e  th e  m atin g  h e l i c e s  o v e r  e a c h  o t h e r  t o  c r e a t e  th e  c la m p in g  lo a d ,  and  
to r q u e  r e q u i r e d  t o  overcom e th e  f r i c t i o n  a t  t h e  n u t  b e a r in g  f a c e .  T y p ic a l ly  
(1 1 ) , 40% o f  t h e  a p p l ie d  to r q u e  i s  a b s o rb e d  overcom ing  th r e a d  f r i c t i o n ,  50% 
overcom ing  h ead  f r i c t i o n  and  o n ly  10% i s  u se d  t o  c r e a t e  t h e  b o l t  t e n s i o n .
F ig u re  2 .2  shows t h a t  t h e  to r q u e  r e q u i r e d  t o  overcom e t h e  f r i c t i o n  
be tw een  th e  th r e a d  f la n k s  and  t o  d r iv e  t h e  m atin g  h e l i c e s  o v e r  e a ch  o th e r  t o  
c r e a t e  t h e  c lam p in g  f o r c e  i s  t h e  to r q u e  t h a t  i s  e x p e r ie n c e d  by  t h e  b o l t  sh a n k . 
A n a ly s in g  t h e  f o r c e s  a c t i n g  on  th e  th r e a d  f la n k s  (F ig u re  2 .3 )  g iv e s  t h e  sh an k  
to rq u e  a s  (d e r iv e d  i n  A ppendix  1 ) :
2.2.1 The Distribution of the Applied Torque
2 . 2 . 2  The N ut B e a r in g  F ace  T orque
The re m a in in g  com ponent o f  t h e  a p p l i e d  to rq u e  i s  a b s o rb e d  i n  overcom ing  
th e  f r i c t i o n  a t  t h e  n u t  b e a r in g  f a c e .  The c o n ta c t  a r e a  b e tw een  th e  n u t  and  
t h e  w ash er o r  j o i n t  f a c e  i s  an  a n n u lu s  a s  in d ic a te d  i n  F ig u re  2 . 4 .  The to r q u e  
r e q u i r e d  t o  overcom e t h e  f r i c t i o n  a t  t h i s  i n t e r f a c e  i s  d e r iv e d  i n  A ppendix  1
w here  p i s  t h e  p r e s s u r e  i n t e n s i t y  a c t i n g  norm al t o  t h e  s u r f a c e  o f  t h e  n u t .  
H ence, t o  i n t e g r a t e  e q u a t io n  [ 2 . 2 ] ,  t h e  p r e s s u r e  d i s t r i b u t i o n  o v e r  t h e  a n n u la r  
a r e a  m ust be  d e te rm in e d . A num ber o f  r e s e a r c h e r s ,  in c lu d in g  S e k u l ic  (12) and  
M otosh (5) assum ed t h a t  t h e  p r e s s u r e  i s  c o n s ta n t  o v e r  t h e  w hole  a n n u la r  a r e a ,  
so  t h a t :
[ 2 . 1 ]
a s : id0
[ 2 . 2 ]
P = constant
Forces Acting on the Thread
FIGURE 2.3
N ut B e a r in g  F ace C o n ta c t
FIGURE 2 .4
Section A-A
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However, a  c o n s ta n t  p r e s s u r e  d i s t r i b u t i o n  i s  o n ly  v a l i d  i f  t h e  d e fo rm a tio n s  o f  
t h e  b e a r in g  f a c e  s u r f a c e s  a r e  u n ifo rm . In  p r a c t i c e ,  h ow ever, t h e  d e fo rm a tio n s  
o f  th e  n u t - j o i n t  i n t e r f a c e  a r e  n o t  u n ifo rm  a s  i n d ic a te d  i n  F ig u re  2 . 5 .  On 
t h i s  b a s i s ,  B r i t i s h  S ta n d a rd s  (11) h av e  assum ed t h a t  t h e  p r e s s u r e  i n t e n s i t y  i s  
h i g h e s t  a t  t h e  i n s i d e  d ia m e te r  o f  c o n ta c t  and  a s  th e  r a d iu s  i n c r e a s e s ,  t h e  
p r e s s u r e  i n t e n s i t y  d e c r e a s e s .  F ig u re  2 .6  shows t h r e e  p o s s ib l e  d i s t r i b u t i o n s  
o v e r  t h e  c o n ta c t  a r e a .  C ase  (a) i s  c l e a r l y  u n s u i t a b le  due  t o  t h e  lo a d in g  
c o n d i t io n s  o v e r  t h e  s u r f a c e .  C ase  (b) r e q u i r e s  s e p a r a t i o n  o f  t h e  i n t e r f a c e  a t  
t h e  o u t e r  d ia m e te r  o f  c o n t a c t ,  w h ich  i s  u n l ik e ly  and i s  n o t  s u p p o r te d  by 
e x i s t i n g  e x p e r im e n ta l  w ork . C ase  (c) i s  more s u i t a b l e  t o  t h e  lo a d in g  
c o n d i t io n s  a t  t h e  b e a r in g  f a c e  and  t h e  fo l lo w in g  r e l a t i o n s h i p  s a t i s f i e s  t h e s e  
c o n d i t i o n s :
kp = — r
w here  k i s  a  c o n s ta n t ,  d e te rm in e d  i n  A ppendix  1 . E q u a tio n  [2 .2 ]  c a n  now be  
i n t e g r a t e d  t o  g iv e  t h e  b e a r in g  f a c e  to r q u e  a s :
T -  ju v  r  = ~  ( d n t  d . )  [ 2 . 3 ]n n n n 4 0 ^
,3 T o rg u e -T e n s io n  R e la t io n s h ip
The t o t a l  a p p l ie d  to r q u e  i s  t h e  sum o f  t h e  shank  to r q u e  and  t h e  n u t  
b e a r in g  f a c e  to r q u e ,  a s :
T = P ° ( £ +  !2 - 41 ' 2 *  2 c o s p 4
The r e l a t i o n s h i p  i s  in f lu e n c e d  by  a  num ber o f  f a c t o r s ,  p r im a r i l y  t h e  n u t  and  
b o l t  g e o m e try , and  t h e  f r i c t i o n  c o e f f i c i e n t s  a t  th e  t h r e a d s  and  th e  n u t  
b e a r in g  f a c e .  D uring  m a n u fa c tu re , t h e  t o l e r a n c e s  i n  t h e  t h r e a d s  a r e  c l o s e l y  
c o n t r o l l e d ,  and  b o l t  t o  b o l t  v a r i a t i o n s  i n  d ^ r p and  p a r e  u n l ik e ly  t o  c a u s e  
• s i g n i f i c a n t  v a r i a t i o n s  i n  e q u a t io n  [ 2 . 4 ] .  However, t h e  c o n ta c t  a r e a  be tw een  
th e  n u t  and  th e  w ash e r i s  n o t  so  c l o s e l y  c o n t r o l l e d  and  v a r i a t i o n s  a t  t h i s
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Deflection of the Interface between Nut and’ Clamped Parts FIGURE 2.5
— — - .* D e f le c t io n  L in e
i n t e r f a c e  w i l l  be  i n v e s t i g a t e d  d u r in g  th e  e x p e r im e n ta l  w ork (C hap ter. F i v e ) . 
F u r th e rm o re , t h e  f r i c t i o n  c o n d i t io n s  b e tw een  th e .m a t in g  s u r f a c e s  w i l l  a l s o  b e  
i n v e s t i g a t e d .
The p e rfo rm a n c e  o f  to r q u e  c o n t r o l  a s  a  means t o  c o n t r o l  b o l t  t e n s io n  
d epends upon t h r e e  p a ra m e te r s .  T hese  a r e :  t h e  a c c u ra c y  w i th  w hich  th e  
r e l a t i o n s h i p  be tw een  th e  t e n s i o n  and  th e  to rq u e  i s  d e d u c ed , t h e  a c c u ra c y  o f  
t h e  to r q u e  m ea su rin g  d e v ic e  and  t h i r d l y ,  how r e l i a b l y  t h e  o p e r a to r  t i g h t e n s  
t h e  j o i n t  t o  t h e  s p e c i f i e d  t o r q u e .  The r e l i a b i l i t y  o f  t h e  o p e r a to r  and  t h e  
a c c u ra c y  o f  t h e  't o r q u e  w re n c h 1 w i l l  depend  on many p a ra m e te r s ,  w h ich  a r e  n o t  
w i th in  th e  sco p e  o f  t h i s  t h e s i s .  How ever, assum ing  p r e c i s e  to r q u e  m easurem ent 
and  a p p l i c a t i o n  (w ith in  t h e  a c c u ra c y  l i m i t s  o f  t h e  t e s t  A p p a r a tu s ) , t h e  
f a c t o r s  a f f e c t i n g  th e  t o r q u e - te n s io n  r e l a t i o n s h i p  w i l l  be  i n v e s t i g a t e d .
2 .3  A ngle C o n tro l
A p p ly in g  a  to rq u e  t o  t h e  n u t  c a u s e s  i t  t o  r o t a t e .  As t h e  n u t  r o t a t e s  
a lo n g  th e  h e l i x  o f  t h e  b o l t  i t  i s  d i s p l a c e d  a x i a l l y .  T h is  a x i a l  d is p la c e m e n t  
c a u s e s  t h e  b o l t  sh an k  t o  e x te n d  and  t h e  b o l t  head  t o  d e f l e c t  a s  w e l l  a s  
c a u s in g  t h e  t h r e a d s  t o  d e fo rm  and  t h e  j o i n t  members t o  com press i n  r e a c t i o n  t o  
t h e  b o l t  t e n s i o n .  The te c h n iq u e  o f  a n g le  c o n t r o l l e d  t i g h t e n i n g ,  som etim es 
c a l l e d  1T u rn -o f -N u t1 ( 1 3 ) ,  r e l i e s  upon tu r n in g  th e  b o l t  th ro u g h  a  g iv e n  a n g le  
from  some s t a r t i n g  o r  snug  t o r q u e ,  a s  shown i n  F ig u re  2 . 7 .  The s u b s e q u e n t 
t ig h t e n i n g  a n g le  dep en d s on  t h e  p r e d e te r m in a t io n  o f  t h e  r e l a t i o n s h i p  b e tw een  
t h e  a n g le  o f  r o t a t i o n  and  t h e  b o l t  t e n s i o n .
S in c e  t h e  d is p la c e m e n t  i n c lu d e s  n o t  o n ly  t h e  e l a s t i c  c o m p re ss io n  o f  t h e  
j o i n t  com ponen ts , b u t  a l s o  t h e  c o m p re ss io n  o f  any  g ap s  o r  v o id s  i n  t h e  j o i n t ,  
t h e  r e l a t i o n s h i p  i s  i n i t i a l l y  n o n - l i n e a r .  Once t h e  j o i n t  i s  p u l l e d  t o g e t h e r  
t h e  r e l a t i o n s h i p  i s  d e p e n d e n t o n ly  on t h e  e l a s t i c  d e f l e c t i o n s  o f  t h e  j o i n t  
com ponen ts , so  t h a t :
Q_ . 360 .
0 " 0 —p— — = constant [2.5]
P o
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The o b se rv e d  n u t  r o t a t i o n  w i l l  in c lu d e  th e  'w ind  u p ' i n  t h e  b o l t  shank  
( a lth o u g h  t h i s  i s  u s u a l l y  i n s i g n i f i c a n t  f o r  m ost - b o l t  l e n g th s  i n  co m p a riso n  
w i th  t h e  o v e r a l l  n u t  r o t a t i o n ) .  T hus, t h e  a c tu a l  r o t a t i o n  o f  t h e  n u t  r e l a t i v e  
t o  t h e  b o l t  i s :
w here t h e  t w i s t  i n  t h e  b o l t  sh a n k , d e r iv e d  from  th e  's im p le ' t o r s i o n  th e o r y
The r e l a t i o n s h i p  b e tw een  t h e  n u t  r o t a t i o n  and  th e  r e s u l t a n t  b o l t  t e n s i o n  
i s  p r o p o r t io n a l  t o  t h e  t o t a l  d is p la c e m e n t  o f  t h e  j o i n t .  I n  p r a c t i c e ,  due  t o  
p ro b lem s i n  d e te rm in in g  th e  d i s p la c e m e n ts ,  w h ich  w i l l  b e  d i s c u s s e d  i n  C h a p te r  
T h re e , h ig h  a c c u ra c y  i n  t h e  r e q u i r e d  b o l t  t e n s i o n  c a n  o n ly  b e  a t t a i n e d  i f  t h e  
f a s t e n e r  i s  ta k e n  beyond t h e  e l a s t i c  ra n g e  ( in to  t h e  f l a t  p a r t  o f  t h e  c u rv e  
shown i n  F ig u re  2 . 7 ) .  I n  t h i s  r e g io n  any  in a c c u ra c y  i n  t h e  a n g le  m easurem ent 
w i l l  have  a  n e g l i g i b l e  e f f e c t  upon t h e  r e s u l t a n t  b o l t  t e n s i o n ,  s in c e  th e  
p r e lo a d  i s  e s s e n t i a l l y  c o n s t a n t .  I n  t h e  e l a s t i c  r a n g e ,  h ow ever, e r r o r s  i n  
a n g le  w ould  f a l l  on  t h e  s t e e p  p a r t  o f  t h e  c u rv e  and t h e r e f o r e  c a u se  
s i g n i f i c a n t  e r r o r s  i n  p r e lo a d  ( u s u a l ly  o f  s i m i l a r  m ag n itu d e  t o  th o s e  fo u n d  i n  
to r q u e  t i g h t e n i n g ) . A ls o , t i g h t e n i n g  t h e  b o l t  i n t o  y i e l d  r e d u c e s  t h e  
i n a c c u r a c i e s  i n  t h e  a n g le  m easurem ent due  t o  t h e  snug  to r q u e .
I t  i s  r e p o r te d  (14) t h a t  i n  some e a r l y  a p p l i c a t i o n s  o f  t h i s  te c h n iq u e ,  
e x p e r ie n c e d  o p e r a t o r s . c o u ld  1 f e e l 1 when t h e  r o t a t i o n  in c r e a s e d  w i th o u t  a  
p r o p o r t io n a l  to rq u e  in c r e a s e ,  h e n c e  i d e n t i f y i n g  t h e  y i e l d  p o i n t .  How ever, 
w i th  i n c r e a s in g  r e q u ir e m e n ts  f o r  t r a c e a b i l i t y  and r e l i a b i l i t y ,  t o o l s  h av e  b een  
d e v e lo p e d  t o  c o n t r o l  t h e  a n g le  o f  r o t a t i o n  more p r e c i s e l y .  Hand t o o l s  u se d  
f o r  t h i s  te c h n iq u e  ra n g e  from  a  b a s ic  a n g le  r o t a t i o n  gauge (15) t o  p r e c i s i o n  
t o o l s  su c h  a s  th o s e  m ark e te d  by  H azet-W erk  (16) and  B e lz e r -D o w id a t (17 ) .
0 = 0 0 [ 2 . 6  ]n s
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B o l t  T e n s io n  -  N u t  R o t a t i o n  R e l a t i o n s h i p  FIG URE 2 . 7
N ut  R o t a t i o n  ( d e g )
A p p lie d  T orque -  N ut R o ta t io n  R e la t io n s h ip  FIGURE 2 .8
N u t R o t a t i o n  ( d a g )
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The te c h n iq u e  o f  a n g le  c o n t r o l  d o e s  hav e  a  num ber o f  p r a c t i c a l  . 
l i m i t a t i o n s .  I t  i s  b e s t  s u i t e d  t o  a p p l i c a t i o n s  i n c o r p o r a t in g  b o l t s  o f  lo n g  
le n g th  so  t h a t  t h e  b o l t  i s  n o t  s u b je c te d  t o  e x c e s s iv e  p l a s t i c  d e fo rm a t io n . 
A ls o , s in c e  t h e  d e f l e c t i o n s  o f  t h e  j o i n t  a r e  d i f f i c u l t  t o  p r e d i c t  
t h e o r e t i c a l l y ,  t h e  d e te r m in a t io n  o f  t h e  optim um  snug  to r q u e  and  t h e  s u b s e q u e n t 
a n g le  o f  r o t a t i o n  u s u a l l y  r e q u i r e s  c o n s id e r a b le  e x p e r im e n ta l  e f f o r t .  
F u r th e rm o re , s in c e  t h e  b o l t s  a r e  g e n e r a l l y  ta k e n  beyond t h e  y i e l d  p o i n t ,  t h e  
r e - u s e  o f  t h e  a ssem b led  f a s t e n e r s  i s  l im i t e d .
The e x p e r im e n ta l  i n v e s t i g a t i o n  w i l l  exam ine th e  p r e lo a d - a n g le  
r e l a t i o n s h i p ,  i n  p a r t i c u l a r ,  t h e  g r a d i e n t  o f  t h e  l i n e a r  p o r t i o n  r e p r e s e n te d  by 
e q u a t io n  [2 .5 ]  and  th e  p r a c t i c a l  l i m i t a t i o n s  o f  e s t im a t in g  t h e  i n i t i a l  snug  
p o s i t i o n .
2 .4  G ra d ie n t  C o n t r o l le d  T ig h te n in g
G ra d ie n t  c o n t r o l l e d  t i g h t e n i n g  i s  b a s e d  on th e  a s su m p tio n  t h a t  p a r t  o f  
t h e  p r e lo a d - a n g le  c u rv e  h a s  a  l i n e a r  fo rm , so  t h a t :
dP
= c o n s ta n t  [ 2 . 8 ]
S in c e  th e  te rm s  i n  e q u a t io n  [2 .4 ]  r e l a t i n g  t h e  b o l t  t e n s i o n  t o  t h e  a p p l ie d  
to r q u e  a r e  e s s e n t i a l l y  c o n s ta n t  f o r  a  g iv e n  a sse m b ly , th e n  e q u a t io n s  [2 .4 ]  and
[2 .8 ]  g iv e :
dT^  = c o n s ta n t  * [ 2 . 9 ]
S in c e  th e  a n g le  m easu res  d is p la c e m e n t  o f  t h e  b o l t  r e l a t i v e  t o  t h e  c lam ped  
p a r t s ,  a  sm a ll chan g e  i n  t h e  a n g le  p ro d u c e s  b o th  e lo n g a t io n  o f  t h e  b o l t  and  
c o m p re ss io n  o f  t h e  c lam ped  p a r t s .  E q u a tio n  [2 .8 ]  i s  t h e r e f o r e  o n ly  e x a c t  i n  
t h e  c a s e  w here t h e  d e f l e c t i o n s  o f  t h e  b o l t ,  n u t  and  th e  c lam ped  p a r t s  a r e  
l i n e a r ,  i . e .  be low  th e  e l a s t i c  l i m i t .  T h is  i s  so  o v e r  t h e  e s s e n t i a l l y  l i n e a r  
p a r t  o f  t h e  to r q u e - a n g le  c u rv e  i n  F ig u re  2 . 8 .  When any  e le m e n t o f  t h e  j o i n t  
y i e l d s ,  t h e  g r a d i e n t s  o f  b o th  t h e  lo a d - a n g le  and  to r q u e - a n g le  c u rv e s  d e v ia t e
from  t h e i r  e s s e n t i a l l y  c o n s ta n t  maximum v a lu e .  E q u a tio n  [2 .9 ]  becom es i n v a l i d  
and  t h e  m ag n itu d e  o f  t h e  g r a d i e n t  c h a n g e s . T h is  y i e l d in g  c a n  b e  i n  t h e  b o l t  
o r  i n  any  o f  t h e  c lam ped  p a r t s .
2 . 4 . 1  Y ie ld  C o n s id e ra t io n s
S in c e  th e  c lam p in g  f o r c e  i n  t h e  j o i n t  i s  g e n e ra te d  by  t h e  a p p l i c a t i o n  o f  
to r q u e ,  th e n  th e  b o l t  w i l l  b e  s u b je c te d  t o  a x i a l  s t r e s s ,  and  t o  t o r s i o n a l  s t r e s s  
in d u c e d  by  t h e  th r e a d  f r i c t i o n  a n d , t o  a  s m a l le r  e x t e n t  by  t h e  c i r c u m f e r e n t i a l  
com ponent o f  t h e  t h r u s t  on  t h e  t h r e a d  h e l i x .  The a x i a l  lo a d ,  u n d e r  t h e s e  
c o n d i t io n s ,  r e q u i r e d  t o  p ro d u c e  y i e l d  o r  f a i l u r e  w i l l  b e  l e s s  th a n  t h a t  
o b ta in e d  i n  p u re  t e n s i l e  lo a d in g  a s  i n d ic a te d  i n  F ig u re  2 .9  ( 1 8 ) .  F o r 
com bined s t r e s s e s ,  t h e  c r i t e r i o n  o f  y i e l d  i s  t h e  e f f e c t i v e  s t r e s s  aQ, w h ich  i s  
a  f u n c t io n  o f  b o th  t e n s i l e  s t r e s s  a and  s h e a r  s t r e s s  x • U sing  Von M ises 
c r i t e r i o n ,  t h e  e f f e c t i v e  s t r e s s  i s  g iv e n  by  (A ppendix 2 ) :
a = f f ( o z + 312 ) [ 2 . 1 0 ]
Y ie ld  w i l l  o c c u r  i n  one  o f  t h r e e  r e g io n s ,  (a) S t r i p p in g  o f  t h e  t h r e a d s :  
t h e  t e n s io n  i n  t h e  b o l t  shank  i s  s u p p o r te d  by th e  th r e a d ' f l a n k s  o f  b o th  th e  
b o l t  and  th e  n u t .  E x c e s s iv e  lo a d  w i l l  c a u s e  th e  th r e a d s  t o  bend  and 
u l t i m a t e l y  y i e l d  c a u s in g  th r e a d  s t r i p p i n g .  T h is  w i l l  b e  a s s o c i a te d  w i th  
i n c r e a s in g  n u t  r o t a t i o n  w h i l s t  th e  t e n s i o n  rem a in s  a lm o s t c o n s t a n t ,  (b)
A cro ss  t h e  shank  and  (c) a c r o s s  t h e  b o l t  c o r e :  y i e l d in g  w i l l  o c c u r  due  t o  t h e
com bined s t r e s s  e x c e e d in g  t h e  y i e l d  s t r e s s  o f  t h e  b o l t  m a t e r i a l ,  a s s o c i a te d  
w i th  an  i n c r e a s e  i n  b o th  n u t  r o t a t i o n  and  shank  e x te n s io n  w i th  l i t t l e  i n c r e a s e  
i n  b o l t  t e n s i o n .  F a i lu r e  a c r o s s  t h e  b o l t  sh an k  (u n th re ad e d ) w i l l  n o t  o c c u r  
u n le s s  t h e  shank  h a s  b een  w a i s te d ,  and  i n s t e a d  f a i l u r e  w i l l  o c c u r  a c r o s s  t h e  
t h r e a d  c o re  (minimum d i a m e te r ) . I t  i s  d e s i r a b l e  t o  d e s ig n  a  f a s t e n e r  so  t h a t  
f a i l u r e  o c c u rs  a c r o s s  t h e  c o r e  o f  t h e  b o l t  r a t h e r  th a n  by  th r e a d  s t r i p p i n g ,  
s in c e  t h e  l a t t e r  fo rm  o f  f a i l u r e  w h ich  r e s u l t s  from  s h e a r in g  o f  t h e  i n t e r n a l  
a n d /o r  e x te r n a l  t h r e a d s ,  te n d s  t o  b e  g ra d u a l  i n  n a tu r e ,  and  p r o g r e s s iv e  i n
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FIG UR E 2 .9
Shank D isp lacem en t  (mm)
R e la t io n s h ip  b e tw een  in d u c e d  B o l t  T e n s io n  and  T o rq u e , FIGURE 2 .1 0
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c a s e s  o f  r e p e a te d  a sse m b ly . Such f a i l u r e  i s  n o t  a lw ay s e a s y  t o  d e t e c t ,  
p a r t i c u l a r l y  i f  t h e  m ain damage i s  t o  t h e  i n t e r n a l  t h r e a d s .  C o n s e q u e n tly , 
m ost f a s t e n e r s  a r e  d e s ig n e d  t o  f a i l  a c r o s s  t h e  c o r e ,  w h ich  i s  more e a s i l y  
r e c o g n iz e d .
A ssum ing t h a t  y i e l d  o c c u rs  a c r o s s  t h e  b o l t  c o re  and ig n o r in g  any  s t r e s s  
c o n c e n t r a t io n s  a r i s i n g  from  t h e  n o tc h  e f f e c t ,  th e n  t h e  mean a x i a l  s t r e s s  o v e r  
t h e  c o re  i s  (1 1 ):
6 = I °  As = I f ( d 2 + d l >2s
The maximum s h e a r  s t r e s s  i s  a t  t h e  o u t e r  d ia m e te r  o f  t h e  b o l t  c o r e ,  
so  t h a t :
t =  I s  W = yZg  ( d 2 + d p *  [ 2 . 1 2 ]
The com bined s t r e s s ,  from  e q u a t io n  [2.10] i s :
°c=  Po f2(fj ) [2.  I S]
T h is  e q u a t io n  r e p r e s e n t s  an  e l l i p s e  w h ich  i s  shown f o r  t h e  p r a c t i c a l  
ra n g e  i n  F ig u re  2.10. The i m p l ic a t i o n  o f  t h i s  i s  t h a t  t h e  l e v e l  o f  s t r e s s  i n  
t h e  b o l t  r e q u i r e d  t o  c a u s e  y i e l d in g  i s  r e l a t e d  t o  b o th  t h e  a x i a l  t e n s i o n  and  
t h e  to r q u e  i n  t h e  sh a n k , t h e  l a t t e r  i n c r e a s in g  i n  im p o r ta n c e  a t  h ig h  th r e a d  
f r i c t i o n  c o n d i t io n s .  H ow ever, t h i s  u s u a l l y  o n ly  a f f e c t s  t h e  y i e l d  s t r e s s  
d u r in g  t ig h t e n i n g  b e c a u s e ,  a s  t h e  t i g h t e n i n g  to r q u e  i s  rem oved , t h e  a sse m b ly  
te n d s  t o  p a r t i a l l y  unw ind , r e l i e v i n g  m ost o f  t h e  t o r s i o n a l  s t r e s s  i n  t h e  
sh a n k .
2 . 4 . 2  Y ie ld  C o n t r o l le d  T ig h te n in g
A m ethod d e v e lo p e d  b y  SPS T e c h n o lo g ie s  (19 , 20) u s e s  t h e  change  o f  
g r a d i e n t  -  e q u a t io n  [2 .9 ]  -  a s s o c i a t e d  w i th  y i e l d  a s  t h e  c o n t r o l  p a ra m e te r  f o r  
t h e i r  ' J o i n t  C o n t r o l ' sy s te m  ( th e  d ev e lo p m en t o f  t h i s  sy s te m  i s  d e s c r ib e d  by  
Boys and  W a llac e  ( 2 1 ) ) .  To o b s e rv e  t h i s  c h a n g e , t h e  a p p l i e d  to r q u e  and  th e
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a n g le  o f  r o t a t i o n  a r e  m easu red  d u r in g  t h e  t i g h t e n i n g  p r o c e s s  and  
d i f f e r e n t i a t e d .  A t t h e  p o i n t  o f  y i e l d i n g ,  t h e  c o n d i t io n  t h a t  t h e  g r a d i e n t  i s  
no lo n g e r  c o n s ta n t  i s  u se d  a s  a  c o n t r o l  s ig n a l  t o  s h u t  o f f  pow er t o  th e  
w ren ch . In  p r a c t i c e ,  h ow ever, t h e  s i t u a t i o n  i s  more com plex . The m ain 
p ro b lem  i s  t h a t  t h e  t o r q u e - a n g le  c u rv e  i s  ' n o i s y ' ,  due  t o  s t i c k - s l i p  o f  t h e  
b e a r in g  s u r f a c e s  and  o t h e r  e f f e c t s  a s s o c i a t e d  w ith  t h e  to r q u e  and  a n g le  
m ea su rin g  d e v ic e s .  I t  may a l s o  b e  e n t i r e l y  n o n - l i n e a r  i n  su c h  a  way t h a t  t h e  
g r a d i e n t  i s  n o t  c o n s ta n t  d u r in g  t h e  e n t i r e  c y c le  up t o  t h e  y i e l d  p o i n t .  T hese  
p ro b lem s a r e  d i s c u s s e d  i n  more d e t a i l  i n  C h a p te r  F iv e .
The m ain a d v a n ta g e  o f  Y ie ld  C o n t r o l l e d  sy s te m s  i s  t h a t  t h e  j o i n t  i s  
t ig h t e n e d  t o  t h e  maximum s a f e  t e n s i o n  a v a i l a b l e  from  t h e  f a s t e n e r .  T h is  
m eans, how ever, t h a t  f o r  a  g iv e n  b o l t  d ia m e te r ,  t h e r e  i s  no  c h o ic e  o f  t e n s i o n  
t h a t  c a n  b e  in d u c e d  i n  t h e  f a s t e n e r .  In g e rs o l1 -R a n d  h av e  d e v e lo p e d  a  m ethod 
(22) w hereby  t h e  f a s t e n e r  i s  t ig h t e n e d  u s in g  t h e  y i e l d  c o n t r o l  p r i n c i p l e ,  b u t  
i s  th e n  lo o se n e d  by  a  p r e c i s e  am ount o f  r o t a t i o n  t o  e s t a b l i s h  a  p r e s c r ib e d  
t e n s i o n  be low  t h e  y i e l d  p o i n t .  T h is  m ethod im proves on  t h e  c o n v e n tio n a l  Y ie ld  
C o n tro l  s y s te m s , s in c e  t h e  f a s t e n e r  c a n  b e  s u b je c te d  t o  e x t e r n a l  lo a d s  w h i l s t  
s t i l l  w i th in  t h e  e l a s t i c  r a n g e .
2 . 4 . 3  G r a d ie n t  M o n ito r in g  -  E l a s t i c  Range T ig h te n in g
,An a l t e r n a t i v e  a p p ro a c h  t o  g r a d i e n t  c o n t r o l l e d  t i g h t e n i n g  h a s  been  
d e v e lo p e d  by R ockw ell I n t e r n a t i o n a l  (2 3 ) .  As b e f o r e ,  t h e  b a s i s  o f  t h i s  m ethod 
i s  t h a t  t h e  g r a d i e n t  b e tw een  t h e  a p p l i e d  to r q u e  and  a n g le  i s  c o n s ta n t  be low  
th e  y i e l d  p o i n t .  How ever, i t  c a n  a l s o  b e  d e f in e d  a s :
—  -  dJL dfLo r2 2 4 1
de dPQ d e  U ' J4J
F o r a  g iv e n  a sse m b ly  t h e  g r a d i e n t  o f  t h e  t e n s io n - a n g le  r e l a t i o n s h i p  i s  
assum ed t o  b e  c o n s ta n t  and  r e p e a t a b l e ,  so  t h a t  th e  t o r q u e - te n s io n  
c h a r a c t e r i s t i c  c a n  be  d e te rm in e d  from  t h e  to r q u e - a n g le  g r a d i e n t .  H ence, t o
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t i g h t e n  t h e  j o i n t  t o  a  p r e s c r ib e d  p r e lo a d ,  t h e  b o l t  i s  t ig h t e n e d  t o  a  to rq u e  
s p e c i f i e d  b y :
T = T°  k = [ 2 ' 15]de k de
The p e rfo rm a n c e  o f  t h i s  te c h n iq u e  i s  d i r e c t l y  d e p e n d e n t on th e  
r e l i a b i l i t y  o f  t h e  a s su m p tio n  t h a t  f o r  a  g iv e n  j o i n t  t h e  t e n s io n - a n g le  c u rv e  
i s  r e p e a ta b l e  and  c o n s ta n t  w i th in  c e r t a i n  l i m i t s .  T h is  e s s e n t i a l l y  means t h a t  
t h e  b o l t  t o  b o l t  d e f l e c t i o n s  w i l l  b e  i d e n t i c a l  f o r  t h e  same j o i n t .  The b a s i s  
o f  t h i s  a s su m p tio n  w i l l  b e  a n a ly s e d  i n  m ore d e t a i l  i n  t h e  n e x t  c h a p te r .
2 .5  E lo n g a tio n  M easurem ent
E lo n g a tio n  m easurem ent p r o v id e s  a n  im provem ent i n  t e n s i o n  c o n t r o l  
a c c u ra c y  o v e r  o th e r  c o n t r o l  m ethods s in c e  i t  u t i l i s e s  t h e  e l a s t i c  p r o p e r t i e s  
o f  t h e  b o l t  t o  m easu re  t h e  lo a d .  The t r a d i t i o n a l  m ethod o f  m e a su rin g  t h e  
e lo n g a t io n  o f  t h e  b o l t ,  a ssu m in g  t h a t  b o th  ends a r e  a c c e s s i b l e ,  i s  t o  u s e  a  
m ic ro m e te r . However, t h i s  i s  a  c lum sy  and  tim e-co n su m in g  m ethod u n s u i t a b le  
f o r  m ass p ro d u c t io n  and  i s  s i g n i f i c a n t l y  a f f e c t e d  b y  o p e r a to r  c a r e  and  s u r f a c e  
i r r e g u l a r i t i e s .  D epth  m ic ro m e te rs  a r e  u se d  more f r e q u e n t ly  th a n  C -m ic ro m e te rs  
t o  m easu re  t h e  s t r e t c h  i n  t h e  b o l t  sh a n k . The Road R e se a rc h  L a b o ra to ry  
d e v e lo p e d  a  m ethod ( 2 4 ) ,  shown i n  F ig u re  2 .1 1 ,  w hereby a  gau g e  ro d  i s  f ix e d  t o  
t h e  o p p o s i te  end  o f  t h e  b o l t  and  t h e  r e l a t i v e  change be tw een  t h e  to p  s u r f a c e  
o f  t h e  b o l t  head  and  th e  end  o f  t h e  gauge  p in  i s  m easured  w i th  a  d i a l  g a u g e , 
i n d i c a t i n g  t h e  o v e r a l l  b o l t  t e n s i o n .  G ro p er (25) d e s c r ib e s  a  s i m i l a r  m ethod 
u se d  i n  r e s e a r c h  r e l a t e d  t o  t h e  b e h a v io u r  o f  j o i n t s  s u b je c te d  t o  c y c l i c  and  
im p a c t lo a d in g .  R o ta b o l t  (26) h av e  d e v e lo p e d  a  m o d if ic a t io n  t o  t h e  'g a u g e  
p i n 1 sy s te m  w here t h e  e x te n s io n  i s  m easu red  by  a  d e v ic e  i n  t h e  b o l t  h ead  (se e  
F ig u re  2 . 1 2 ) .  I t  i n c o r p o r a t e s  a  gauge  p in  w hich  i s  p o s i t i v e l y  a n c h o re d  i n  a  
s h o r t  c e n t r a l  d r i l l i n g .  A d i s c ,  w h ich  i s  f r e e  t o  r o t a t e  on t h e  p i n ,  i s  s e t  a t  
a  p r e s c r ib e d  gap  t o  t h e  h ead  o f  t h e  b o l t .  When th e  b o l t  i s  t ig h t e n e d  t h e  gap  
c lo s e s  due  t o  t h e  s t r e t c h  i n  t h e  sh a n k . A t t h e  p o i n t  w here t h e  d i s c  may no
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S e c t io n  show ing A rrangem en t o f  t h e  'RRL1 Load FIGURE 2 .1 1
M easu ring  B o l t
on  T h re e  p o i n t s
A rrangem en t o f  'R o t a b o l t '  Load C o n t r o l l in g  F a s te n e r  FIGURE 2 .1 2
lo n g e r  r o t a t e ,  t h e  c o r r e c t  lo a d  s e t t i n g  h a s  b een  a c h ie v e d . The R o ta b o l t  i s  
c la im e d  t o  have  an  a c c u ra c y  o f  ± 5%.
O ver th e  l a s t  10 y e a r s  m ethods h av e  b een  d e v e lo p e d  u s in g  u l t r a s o n i c s  t o  
d e te rm in e  th e  t e n s io n  i n  a  b o l t .  The d ev e lo p m en ts  have  ta k e n  p la c e  a lm o s t  
e n t i r e l y  i n  t h e  sp a c e  and  a i r c r a f t  i n d u s t r i e s ,  w here im provem ents i n  t h e  
r e l i a b i l i t y  and  e f f i c i e n c y  o f  b o l t e d  j o i n t s  i s  o f  param oun t im p o r ta n c e . 
U l t r a s o n ic s  c a n  b e  u se d  i n  t h r e e  ways t o  p r e d i c t  t h e  c lam p in g  f o r c e  i n  a  
b o l t e d  j o i n t  ( 2 7 ) .  T hese  a r e :  t h e  'P u ls e -E c h o ' T e c h n iq u e , t h e  R esonance 
M ethod and  A b so lu te  S t r e s s  M easurem ent.
2 . 5 . 1  The 'P u ls e - E c h o 1 M ethod
W ith  t h e  a d v e n t o f  u l t r a s o n i c  p u l s e r / r e c e i v e r  d e v ic e s  w h ich  c a n  m easu re  
c h a n g es  i n  t r a n s i t  t im e  i n  n a n o se c o n d s , i t  became f e a s i b l e  t o  m easu re  t h e  
s m a ll change  i n  b o l t  l e n g th  w i th  a p p l i e d  lo a d s .  The p r i n c i p l e  i s  b a s e d  on  th e  
e q u a t io n :
1 = v t
w here I -  o r i g i n a l  l e n g th  o f  b o l t  w i th o u t  lo a d ,  v = v e l o c i t y  o f  l o n g i tu d in a l  
wave i n s i d e  t h e  b o l t  and  t  -  t h e  t r a n s i t  t im e  o f  sound wave th ro u g h  th e  b o l t  
l e n g th .  From t h i s  e q u a t io n  i t  c a n  b e  shown t h a t  t h e  ch an g e  i n  le n g th  o f  t h e  
b o l t  due  t o  t e n s i o n ,  i s :
P  IAl = V At  = Er L
A E- e b
w here  At  = change  i n  t r a n s i t  t im e .
McFaul (28) d e s c r ib e s  a n  in s t r u m e n t ,  b a se d  on t h i s  c o n c e p t ,  c a p a b le  o f  
m ea su rin g  ch an g es  i n  b o l t  le n g th  t o  an  a c c u ra c y  o f  ± 0 .0025  mm, w h ich  was 
d e v e lo p e d  by  D ouglas A i r c r a f t  Company and  Erdman I n s t r u m e n ts .  The in s t r u m e n t  
in c o r p o r a te s  a  t r a n s d u c e r  w i th  an  e n c i r c l i n g  m agnet w h ich  s e c u r e s  i t  t o  t h e  
h ead  o f  t h e  b o l t .  O il  i s  u se d  t o  p ro v id e  a  c o u p lin g  medium a t  th e  
b o l t - t r a n s d u c e r  i n t e r f a c e .  The p r i n c i p l e  o f  o p e r a t io n  c o n s i s t s  o f  s e t t i n g  an
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a r b i t r a r y  z e ro  on  th e  in s t r u m e n t  d i a l  c o r re s p o n d in g  t o  t h e  o r i g i n a l  l e n g th  o f  
t h e  b o l t  b e f o r e  'lo a d in g ,  and  th e n  o b s e rv in g  t h e  ch an g e  i n  t r a n s i t  t im e  d u r in g  
t h e  p r e lo a d in g  p r o c e s s ,  due  t o  t h e  in c r e a s e d  p a th  l e n g th .  H ow ever, t h e  
d i f f e r e n c e  i n  the- t r i p  t im e  i s  a l s o  a f f e c t e d  by th e  ch an g e  i n  s t r e s s  l e v e l  i n  
t h e  f a s t e n e r  ( u l t r a s o n i c  v e l o c i t y  d e c r e a s e s  a s  s t r e s s  in c r e a s e s )  and 
c o n s e q u e n t ly  t h e  above e q u a t io n  i s  n o t  v a l i d .  T hus, c a r e f u l  c a l i b r a t i o n  i s  
r e q u i r e d  t o  d i s t i n g u i s h  t h e  change  d u e  t o  i n c r e a s e  i n  p a th  l e n g th ,  from  t h e  
o v e r a l l  change  i n  t r a n s i t  t im e .  The m ethod a d o p te d  by  M cFaul, in c o r p o r a te d  
u s in g  t h e  e x te n s o m e te r  i n  c o n ju n c t io n  w i th  a  U n iv e rs a l  T e s t in g  M achine w h ich  
a p p l i e d  and  m easured  lo a d .  The s t r a i n  was c a l c u l a t e d  by  u s in g  t h e  v a lu e s  o f  
t h e  m easu red  lo a d  and  th e  m odulus o f  e l a s t i c i t y  f o r  t h e  b o l t  m a t e r i a l .  T h is  
c a l c u l a t e d  s t r a i n  was com pared  t o  t h e  e x te n s o m e te r  v a lu e s .  T h u s, t h e  'a c t u a l '  
s t r a i n  and  h e n c e  th e  b o l t  lo a d ,  c o u ld  b e  d e r iv e d  d i r e c t l y  from  th e  
e x te n s o m e te r  s t r a i n  r e a d in g ,  f o r  a  g iv e n  b o l t  m a t e r i a l .
Raymond E n g in e e r in g  (29) h av e  m ark e te d  t h e  u l t r a s o n i c  e x te n s o m e te r  
d e v e lo p e d  by  D ouglas A i r c r a f t  Company an d  i t  i s  c la im e d  t o  b e  p o s s ib l e  t o  
m easu re  t h e  b o l t  t e n s io n  t o  a n  a c c u ra c y  o f  ± 2%.
2 . 5 . 2  The 'R esonance* M ethod
A n o th e r m ethod , d e v e lo p e d  a t  NASA ( 3 0 ) ,  m easu res  t h e  change  i n  t h e  
r e s o n a n t  f re q u e n c y  o f  t h e  b o l t  a s  i t  i s  t i g h t e n e d .  The ch an g e  i n  f re q u e n c y  i s  
due  t o  e lo n g a t io n  o f  t h e  b o l t  sh an k  and  t o  a  ch ange  i n  t h e  sound  v e l o c i t y  a s  
d i s c u s s e d  b e f o r e .  A ssum ing t h a t  r e f l e c t i o n  o f  t h e  u l t r a s o n i c  wave o c c u rs  a t  
t h e  f l a t  and  p a r a l l e l  e n d s  o f  t h e  b o l t ,  th e n  t h e  r e s o n a n t  f r e q u e n c ie s  o f  t h e  
b o l t  a r e :
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w here  j = harm on ic  i n t e g e r  and  v,  I a s  d e f in e d  p r e v io u s ly .  I f  t h e  b o l t  i s  
e l a s t i c a l l y  s t r a i n e d ,  t h e  r e s o n a n t  f re q u e n c y  w i l l  s h i f t  and  i t  c a n  b e  shown
• = / • ( “  -  | ) Ao J  J 0 ' V  do Ef f
The v e l o c i t y  v depends on t h e  m a te r i a l  .u n d er t e n s i o n  and  f o r  i s o t r o p i c  
m a t e r i a l s ,  v a r i e s  l i n e a r l y  w i th  s t r e s s  ( 3 0 ) .  H ence, i t  i s  t h e o r e t i c a l l y  
p o s s ib l e  t o  d e r iv e  t h e  ch an g e  i n  s t r e s s  i n  t h e  b o l t  from  m easurem en ts o f  t h e  
ch an g e  i n  r e s o n a n t  f re q u e n c y .
In  p r a c t i c e ,  t h i s  i s  a c h ie v e d  b y  in d u c in g  s ta n d in g  w aves w i th in  t h e  b o l t .  
A f te r  t h e  b o l t  i s  lo a d e d  t h e  r e s o n a n t  f re q u e n c y  i s  a g a in  m easu red  and  a  
co m p ariso n  i s  made w i th  t h e  p r e v io u s  r e s u l t .  T y p ic a l ly ,  t h e  t r a n s d u c e r  i s  
m ounted on t h e  b o l t  h e a d  u s in g  a  m agnet and  a  t h i n  l a y e r  o f  g r e a s e  i s  u se d  a s  
a  c o u p lin g  a g e n t .  I n  p r i n c i p l e ,  t h i s  m ethod i s  c o n s id e r a b ly  m ore a c c u r a te  
(31) th a n  t h e  p u ls e - e c h o  te c h n iq u e  i n  d e te rm in in g  b o l t  t e n s i o n .  How ever, t h e  
r e s u l t s  o b ta in e d  so  f a r  hav e  o n ly  b e e n  a c h ie v e d  u n d e r  l a b o r a to r y  c o n d i t io n s  
and  t h e r e  i s  no  t o o l  m ark e te d  u s in g  t h i s  p r i n c i p l e  a t  p r e s e n t .
2 . 5 . 3  A b s o lu te  S t r e s s  M easurem ent
The p re v io u s  m ethods e f f e c t i v e l y  u s e  m a te r i a l  p r o p e r t i e s  a s  an  a c c u r a te  
e x te n s o m e te r . T h is  means t h a t  m easu rem en ts hav e  a l s o  t o  b e  ta k e n  on th e  
u n lo a d e d  b o l t  s in c e  ev en  i n  one b a tc h  lo a d ,  t h e  a c o u s t i c  l e n g th  o f  e a c h  b o l t  
w i l l  b e  s l i g h t l y  d i f f e r e n t .  F u r th e rm o re , i f  t h e  t e n s i o n  i s  t o  b e  c h e ck e d  a t  
some l a t e r  d a t e ,  t h e  o r i g i n a l  d a t a  m ust b e  r e c o r d e d .  H ow ever, a  t h i r d  m ethod 
u t i l i s e s  t h e  f a c t  t h a t  s t r e s s e s  in d u c e d  i n  t h e  b o l t  a f f e c t  t h e  sp e ed  o f  wave 
p r o p a g a t io n .  T hus, i f  t h e  ch an g e  i n  sp e e d  c a n  b e  m easu red  in d e p e n d e n tly  o f  
t h e  t r a n s i t  t im e s ,  th e n  t h i s  c a n  b e  c o r r e l a t e d  d i r e c t l y  t o  t h e  s t r e s s  i n  t h e  
m a t e r i a l .
I n  p r a c t i c e ,  t h i s  i s  a c h ie v e d  by  in t r o d u c in g  w aves w h ich  hav e  b e e n  
o r i e n t a t e d  i n  two p l a n e s ,  one  p e r p e n d ic u la r  t o  t h e  d i r e c t i o n  o f  u n i - a x i a l  
s t r e s s  ( t r a n s v e r s e  w aves) and  t h e  o t h e r  p a r a l l e l  t o  t h e  d i r e c t i o n  o f  s t r e s s  
( lo n g i tu d in a l  w a v e s ) . The r a t i o  o f  t h e  sp e e d s  o f  p r o p a g a t io n  o f  l o n g i t u d in a l
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t h a t  t h e  c h a n g e  i s  g i v e n  b y :
w aves_t o  t h a t  o f  t h e  s h e a r  w aves c a n  b e  c o r r e l a t e d  t o  t h e  a x i a l  s t r e s s  (32) 
p ro v id e d  th e  r a t i o  h a s  b een  d e te rm in e d  from  t h e  u n lo a d e d  m a t e r i a l .  T hus, t h i s  
m ethod r e q u i r e s  no m easu rem en ts t o  b e  ta k e n  on t h e  e a c h  u n lo a d e d  f a s t e n e r  so  
lo n g  a s  t h e  u n lo a d e d  r a t i o  h a s  b e e n  d e te rm in e d  f o r  t h e  b a tc h  o f  b o l t s .
T h is  te c h n iq u e  h a s  b e e n  a p p l i e d  by  D e p u ta t  (33) t o  t h e  m easurem ent o f  
t e n s i o n  i n  a  b o l t ,  u n d e r  l a b o r a to r y  c o n d i t i o n s ,  a l th o u g h  t h e  m ethod h a s  y e t  t o  
b e  p ro v e d  s u i t a b l e  i n  p r a c t i c a l  a p p l i c a t i o n s .  One p r a c t i c a l  p ro b lem  i s  
b u i ld in g  a  com bined s h e a r  and  lo n g i t u d in a l  t r a n s d u c e r  t h a t  c a n  b e  u se d  on 
s m a ll  d ia m e te r  b o l t s .  A ls o , t h e  te c h n iq u e  w i l l  n o t  w ork w i th  m a t e r i a l s  t h a t  
e x h i b i t  any  a n is o t r o p y .  The r e s u l t s  due  t o  D e p u ta t i n d i c a t e  t h a t  a c c u r a c ie s  
o f  t h e  o r d e r  o f  ±10% a r e  a v a i l a b l e ,  b u t  t h i s  i s  no b e t t e r  th a n  t h e  o t h e r  
m ethods u s in g  u l t r a s o u n d .  N e v e r th e le s s ,  im provem ents may be  made i n  t h e  
t r a n s d u c e r  d e s ig n  w h ich  w i l l  im prove th e  a c c u ra c y  o f  t e n s i o n  c o n t r o l .
The t h r e e  te c h n iq u e s  o f  m e a su r in g  b o l t  t e n s io n  u s in g  u l t r a s o u n d  s u f f e r  
from  a  num ber o f  common p r a c t i c a l  p ro b le m s . The e f f i c i e n c y  o f  t h e  a c o u s t i c  
c o u p lin g  be tw een  th e  t r a n s d u c e r  and  th e  b o l t  head  a f f e c t s  t h e  s t r e n g t h  o f  t h e  
u l t r a s o n i c  s i g n a l .  R oughness a t  t h i s  i n t e r f a c e  and  t h e  ech o  s u r f a c e  c a n  le a d  
t o  i n t e r f e r e n c e  e f f e c t s  w h ich  d i s t o r t  t h e  s i g n a l ,  th u s  r e d u c in g  t h e  a c c u ra c y  
w i th  w h ich  t h e  in s t r u m e n t  c a n  m easu re  t h e  b o l t  t e n s i o n .  H ence , c a r e f u l  
a t t e n t i o n  m ust b e  g iv e n  t o  t h e  s u r f a c e  f i n i s h  o f  t h e  b o l t  e n d s ,  in c lu d in g  
rem oval o f  g ra d e  m ark in g s  (w hich may n o t  b e  a c c e p ta b le  t o  Q u a l i ty  C o n t r o l ) .
T h is  s p e c i a l  t r e a tm e n t  w i l l  i n c r e a s e  t h e  u n i t  c o s t  o f  t h e  f a s t e n e r .
I f  t h e  o p p o s i te  en d s  o f  t h e  f a s t e n e r  a r e  n o t  s u f f i c i e n t l y  p a r a l l e l  w i th  
e a c h  o t h e r ,  t h e  a c o u s t i c  s i g n a l  w i l l  b e  w eakened . T h is  i s  n o t  u s u a l l y  a  
p ro b lem  w i th  'a s - r e c e i v e d ' f a s t e n e r s  (a l th o u g h  th e  en d s  a r e  n e v e r  e x a c t ly  
p a r a l l e l ) , b u t  i s  f r e q u e n t l y  a  p ro b lem  when b e n d in g  o c c u rs  d u r in g  t i g h t e n i n g .  
Such n o n - p a r a l l e l i s m  c a n  c a u s e  a  p ro b lem  s im p ly  b e c a u se  t h e  a c o u s t i c  l e n g th  o f  
t h e  b o l t  i s  n o t  u n ifo rm  from  one  p o i n t  t o  a n o th e r .  H ow ever, b e n d in g  c r e a t e s  
an  a d d i t i o n a l  p ro b lem  b e c a u s e  t h e  v e l o c i t y  o f  t h e  wave i s  a f f e c t e d  by  th e
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v a ry in g  s t r e s s e s  a c r o s s  t h e  b o l t  c o r e .  I f  b e n d in g  s t r e s s e s  a r e  l a r g e ,  t h e  
s ig n a l  c a n  end  up e c h o in g  o f f  t h e  s id e  o f  t h e  b o l t  r a t h e r  th a n  t h e  e n d , and  i t  
w i l l  b e  l o s t .
T hese  p ro b le m s , and  t h e  a d d i t i o n a l  r e q u ire m e n t  f o r  c a l i b r a t i o n  o f  t h e  
b o l t  m a t e r i a l ,  add  t o  t h e  c o s t  o f  t h e  t ig h t e n i n g  c o n t r o l  m ethod . How ever, 
w here  h ig h  a c c u ra c y  i s  r e q u i r e d  and  c o s t  i s  n o t  a t  a  prem ium , c a r e f u l  
p r e p a r a t i o n  o f  t h e  f a s t e n e r s  c a n  b e  j u s t i f i e d ,  w hich  w i l l  r e s u l t  i n  a c c u r a c ie s  
on t e n s i o n  c o n t r o l  o f  b e t t e r  th a n  ± 1 0 % .
2 .6  Load I n d ic a t io n
The m ost a c c u r a te  way o f  i n d i c a t i n g  t h e  p r e lo a d  i n  a  b o l t e d  j o i n t  i s  t o  
u s e  s t r a i n  gauged  b o l t s .  T h is  t e c h n iq u e  in v o lv e s  c e m e n tin g  g au g es  t o  t h e  
sh an k  o f  t h e  b o l t ,  e i t h e r  on  t h e  o u t e r  s u r f a c e  o r  a x i a l l y  down a  s m a ll 
c o n c e n t r i c  h o le  i n  t h e  c e n t r e  o f  t h e  b o l t .  T h is  m ethod i s  e x p e n s iv e  and  
c o n s e q u e n t ly  i s  n o t  s u i t a b l e  f o r  g e n e r a l  u s e .  However, w here  p r e lo a d  c o n t r o l  
i s  c r i t i c a l  and  e x p en se  i s  n o t  an  o v e r r id in g  c r i t e r i o n ,  th e n  t h e i r  u s e  i s  
i n d is p e n s a b le ,  f o r  ex am p le , i n  S pace  R e se a rc h  program m es. S t r a i n s e r t  (34) 
m ark e t b o l t s  and  s tu d s  o n to  w h ich  s t r a i n  g au g es h av e  b een  cem en ted  and 
c a l i b r a t e d .
A te c h n iq u e  d e v e lo p e d  by  R u s s e l l ,  B u r d s a l l  & Ward (35) u s e s  b o l t s  t h a t  
in c o r p o r a te  a  r e s i l i e n t  wavy f la n g e  w h ich  i s  form ed a t  t h e  b e a r in g  f a c e  o f  t h e
b o l t  h e a d . As t h e  b o l t  i s  t i g h t e n e d ,  t h e  wave f l a t t e n s  t o  a  f l u s h  assem b ly
a ro u n d  th e  e n t i r e  c ir c u m fe re n c e  o f  t h e  f la n g e  t o  p ro v id e  a  v i s u a l  i n d i c a t i o n  
t h a t  t h e  c lam p lo a d  h a s  b e e n  r e a c h e d .
T h ere  a r e  few  lo a d  i n d i c a t i n g  w a sh e rs  on  th e  m a rk e t, b u t  t h e  m a jo r i ty
i n d i c a t e  lo a d  by  c ru s h in g  o f  t h e  w a sh e r  ( th e  p e rfo rm a n c e  o f  e x i s t i n g  lo a d  
i n d i c a t i n g  w a sh e rs  i s  d i s c u s s e d  i n  C h a p te r  S i x ) . O th e r  m ethods u s e  s t r a i n  
g au g es m ounted on a  c o l l a r  w h ich  i s  s i t u a t e d  u n d e r  t h e  b o l t  h e a d . A lth o u g h  
h ig h  a c c u ra c y  c a n  b e  a c h ie v e d , t h e  h ig h  c o s t  l i m i t s  t h e i r  u s e .
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H y d ra u lic  t e n s i o n e r s  c a n  b e  u s e d  t o  t i g h t e n  a  b o l t e d  j o i n t  ( 3 6 ) .  
E s s e n t i a l l y ,  th e y  c o n s i s t  o f  a  h y d r a u l i c  c y l i n d e r  w h ich  i s  sc rew ed  on  t o  t h e  
ex p o sed  th r e a d s  o f  t h e  b o l t  above t h e  n u t  a s  shown i n  F ig u re  2 .1 3 . The 
t e n s i o n e r  th e n  p u l l s  on t h e  b o l t ,  i n t r o d u c in g  c o m p re ss io n  i n  t h e  j o i n t  w h i l s t  
t h e  n u t  i s  ru n  down m a n u a lly . The t e n s i o n e r  i s  th e n  r e l a x e d ,  l e a v in g  t h e  
j o i h t  p r e lo a d e d .  One m ajo r p ro b lem  i s  t h a t  t h e  a r e a  u n d e r  t h e  t e n s i o n e r  
s u s t a i n s  t h e  b o l t  lo a d ,  w h i l s t  t h e  n u t  and  th r e a d s  a s  w e l l  a s  t h e  p a r t  o f  t h e  
j o i n t  u n d e r  t h e  n u t  a r e  n o t  s t r e s s e d .  As t h e  t e n s i o n e r  i s  r e l a x e d ,  t h e s e  
p a r t s  a r e  lo a d e d , and  s u b s e q u e n t  r e l a x a t i o n  i n  t h e  b o l t  t e n s i o n  o c c u r s ,  w h ich  
c a n  b e  d i f f i c u l t  t o  e s t i m a t e .  T h is  m ethod w orks w e l l  f o r  r e l a t i v e l y  lo n g  b o l t  
g r i p  le n g th s  w here t h e  r e l a x a t i o n  i s  n o t  s i g n i f i c a n t .  A ls o , f o r  l a r g e  b o l t  
d ia m e te r s  i t  i s  o f t e n  im p o s s ib le  t o  t i g h t e n  th e  j o i n t  by  any  o t h e r  means s in c e  
t h e  to rq u e  r e q u i r e d  c a n  b e  to o  g r e a t  t o  a p p ly  s a f e l y .
2 .7  L a b o ra to ry  B ased T e ch n iq u es
A num ber o f  te c h n iq u e s  hav e  b e e n  d e v e lo p e d  u n d e r  l a b o r a to r y  c o n d i t io n s  t o  
m easu re  b o l t  t e n s i o n ,  d u r in g  b o th  i n i t i a l  t i g h t e n i n g  and  s u b s e q u e n t  lo a d in g .
Load c e l l s  c a n  b e  u t i l i s e d ,  b u t  a r e  o f  l im i t e d  u s e  b e c a u s e  th e y  r e q u i r e  
c h a n g es  i n  t h e  b a s ic  d e t a i l s  o f  t h e  j o i n t ,  su ch  a s  b o l t  l e n g th  w h ich  may 
s i g n i f i c a n t l y  a f f e c t  t h e  j o i n t  b e h a v io u r .  F u r th e rm o re , m u l t ip l e  u s e  i n  f u l l  
s c a l e  j o i n t s  c a n  b e  c o s t l y  and  i f  u se d  i n  w o rk in g  s t r u c t u r e s ,  t h e r e  i s  t h e  
added  c o s t  o f  r e s t o r i n g  t h e  j o i n t  a f t e r  t e s t i n g .  T h ere  a r e  s e v e r a l  m ethods 
t h a t  a r e  c la im e d  t o  a c c u r a t e l y  c o n t r o l  b o l t  t e n s i o n .  The m ost im p o r ta n t  o f  
th e s e  a r e  d e s c r ib e d  b e lo w .
2 . 7 . 1  B o l t  Head S t r a i n  M easurem ent
A p a p e r  b y  S u r te e s  and  Ib ra h im  (37) d e s c r ib e s  t h e  d e v e lo p m en t o f  a  new 
m ethod f o r  c o n tin u o u s  m o n ito r in g  o f  lo a d  i n  a  b o l t .  The m ethod i s  b a se d  on 
t h e  m easurem ent o f  s t r a i n  on t h e  to p  s u r f a c e  o f  t h e  b o l t  h e a d . P r i o r  t o  
p h y s ic a l  t e s t i n g  o f  t h e  p ro p o se d  m ethod , t h e o r e t i c a l  s t u d i e s  w ere  c a r r i e d  o u t
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M ethod o f  T e n s io n in g  B o l ts  u s in g  H y d ra u lic  T e n s io n e rs FIGURE 2 .1 3
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(a )  T e n s io n e r  e n g a g e s  S hank
(c )  N u t r u n  down (d ) T e n s io n e r  Removed
D i s t r i b u t i o n  o f  S t r a i n  o v e r  Top S u r fa c e  o f  B o l t  Head 
(S u r te e s  & Ib ra h im  (37))
FIGURE 2 .1 4
bolt hole diameter
B o l t  T e n s io n  
e q u a l t o  P ro o f  
Load f o r  1 1 / 8 ” 
D iam e te r B o l t
t o  a s c e r t a i n  t h e  l i k e l y  m ag n itu d e  and  d i s t r i b u t i o n  o f  t h e  s u r f a c e  s t r a i n .  A 
l i n e a r  a x isy m m e tric  f i n i t e  e le m e n t p rog ram  was u se d  t o  a n a ly s e  t h e  s t r e s s  
d i s t r i b u t i o n  i n  t h e  b o l t  h e a d . T y p ic a l  t a n g e n t i a l  and  r a d i a l  s t r a i n  
d i s t r i b u t i o n s  a t  t h e  to p  s u r f a c e  o f  t h e  h e a d  a r e  shown i n  F ig u re  2 .1 4 .
I t  i s  e v id e n t  from  F ig u re  2 .1 4  t h a t  t h e  maximum s t r a i n  o c c u rs  a t  t h e  b o l t  
a x i s ,  w h ich  i s  rem o te  from  p o s s ib l e  z o n es  o f  p l a s t i c  d e fo rm a tio n  and  i s  
t h e r e f o r e  an  i d e a l  l o c a t io n  f o r  s t r a i n  g a u g e s . On t h i s  b a s i s ,  b o l t s  w ere  
l i g h t l y  m achined  t o  c o n s ta n t  h e a d  d e p th  and  in s t ru m e n te d  t o  m easu re  t h e  
s t r a i n s .  I t  was fo u n d  t h a t  m easurem ent o f  r a d i a l  s t r a i n s  p ro v id e d  a  more 
s e n s i t i v e  and  c o n s i s t e n t  r e s u l t  th a n  m easurem ent o f  t a n g e n t i a l  s t r a i n s ,  
d e s p i t e  t h e  f a c t  t h a t  t h e  r a d i a l  s t r a i n  d e c l in e s  more r a p i d l y  from  t h e  b o l t  
a x i s .  The a c c u ra c y  o f  m easurem ent was ± 5 kN a t  p ro o f  lo a d  ( r e s u l t i n g  i n  a  
t e n s i o n  c o n t r o l  a c c u ra c y  o f  ± 2%) , an d  t h e  r a n g e  o f  v a r i a t i o n  be tw een  
in d iv i d u a l  b o l t s  was 6% a t  99% c o n f id e n c e  l i m i t s .  R e p ea ted  lo a d in g  o f  t h e  
b o l t ,  w i th o u t  d i s tu r b a n c e ,  p ro d u c e d  l e s s  th a n  1% v a r i a t i o n ,  w h ereas  
d i s tu r b a n c e  o f  t h e  b o l t  p ro d u ce d  3% v a r i a t i o n .
The h ead  s t r a i n  m ethod a v o id s  s e v e r a l  d i f f i c u l t i e s  e n c o u n te re d  u s in g  
o th e r  t ig h t e n i n g  t e c h n iq u e s ,  p ro v id e d  t h a t  t h e  h ead  o f  t h e  b o l t  i s  a c c e s s i b l e .  
F u r th e rm o re , i t  d o es  n o t  r e q u i r e  m o d if ic a t io n  o f  t h e  j o i n t  o r  t h e  b o l t  (e x c e p t  
skim m ing o f  t h e  h e a d ) , and  more s i g n i f i c a n t l y ,  c o n s i s t e n t  and  v e ry  a c c u r a te  
. r e s u l t s  w ere  o b ta in e d  u s in g  c a l i b r a t e d  b o l t s .  However, t h e  m ethod i s  n o t  
p r a c t i c a l  f o r  g e n e r a l  u s e ,  b e c a u s e  o f  t h e  ex p e n se  o f  t h e  s t r a i n  gauge 
i n s t a l l a t i o n .
2 . 7 . 2  V ib r a t io n  T ig h te n in g  o f  B o l t s
H o ri e t  a l .  (38) h av e  c a r r i e d  o u t  a  s tu d y  on v i b r a t i o n  t i g h t e n i n g  o f  
b o l t s .  I n  c o n v e n tio n a l  to r q u e  t i g h t e n i n g ,  t h e  a x i a l  t e n s i o n  i s  s i g n i f i c a n t l y  
a f f e c t e d  by  t h e  f r i c t i o n  c o e f f i c i e n t s  a t  t h e  m atin g  s u r f a c e s .  How ever, 
su p e rim p o s in g  t o r s i o n a l  v i b r a t i o n  o n to  t h e  t i g h t e n i n g  r o t a t i o n  re d u c e s  t h e  
e f f e c t i v e  k i n e t i c  f r i c t i o n ,  so  t h a t  t h e  r e s u l t a n t  t e n s i o n  a t  a  nom ina l
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The e x p e r im e n ta l  a p p a ra tu s  c o n s i s t e d  o f  a  DC s e rv o  m o to r w i th  a  d r i v e r ,  
sc rew  t ig h t e n i n g  eq u ip m en t an d  a  t o r q u e - a x i a l  t e n s i o n  t r a n s d u c e r  s u i t a b l e  f o r  
M8 s i z e  b o l t s  (55 mm l o n g ) . The t e s t s  w ere  c a r r i e d  o u t  a t  v a r io u s  v i b r a t i o n  
f r e q u e n c ie s  and  a m p l i tu d e s .  A t t h e  optim um  v a lu e s ,  t e s t s  i n d i c a t e d  a  
r e d u c t io n  i n  k i n e t i c  f r i c t i o n  o f  a p p ro x im a te ly  40% com pared  w i th  c o n v e n tio n a l  
to r q u e  t i g h t e n i n g .  F u r th e rm o re , t h e  r e s e a r c h e r s  fo u n d  t h a t  b o l t  t o  b o l t  
v a r i a t i o n s  i n  t h e  f r i c t i o n  c o e f f i c i e n t s  w ere  re d u c e d  when u s in g  v i b r a t i o n  
t i g h t e n i n g  ( re d u c t io n  o f  ± 15% t o  ±8% i n  v a r i a t i o n ) .
The te c h n iq u e  i s  r e p o r t e d  t o  hav e  in c r e a s e d  t h e  p e rfo rm a n c e  o f  to r q u e  
t i g h t e n i n g ,  b u t  t h e  p r a c t i c a l i t i e s  o f  in d u c in g  harm on ic  v i b r a t i o n  t o  t h e  
t i g h t e n i n g  o p e r a t io n  l i m i t s  i t s  s u i t a b i l i t y  t o  g e n e r a l  u s e  a t  p r e s e n t .
2 . 7 . 3  Combined T ig h te n in g  o f  B o l t s
A p a p e r  by  P ro d an  and  K alabekov  (39) d e s c r ib e s  t h e  d ev e lo p m en t o f  a  
d e v ic e  (F ig u re  2 .1 5 ) w h ich  com bines t h e  two t ig h t e n i n g  t e c h n iq u e s  o f  to r q u e  
c o n t r o l  and  t e n s io n in g  o f  t h e  sh a n k . The a p p a ra tu s  c o n s i s t e d  o f  a  s tu d  
(M30x2), f ix e d  t o  a  l a r g e  f l a n g e .  The to r q u e  i s  a p p l i e d  t o  t h e  n u t  by  a  
s o c k e t  s p a n n e r ,  th ro u g h  a  d r iv e  c o n s i s t i n g  o f  a  d raw b ar w i th  l e f t  and  r i g h t  
t h r e a d s .  The a p p l i e d  to r q u e  i s  r e a c t e d  by  a  t h r u s t  l e v e r  a s  shown i n  F ig u re  
2 .1 5 .
When t h e  to rq u e  i s  p ro d u c e d , t h e  sp a n n e r  t i g h t e n s  t h e  n u t ,  w h i l s t  t h e  
r e a c t i v e  to r q u e  r o t a t e s  t h e  h ead  o f  t h e  t h r u s t  l e v e r  i n  t h e  o p p o s i te  
d i r e c t i o n .  The r o t a t i n g  h e a d  c o n ta c t s  a  s t a t i o n a r y  s le e v e  a lo n g  i n c l i n e d  
p l a n e s ,  so  t h a t  a d d i t i o n a l  a x i a l  s t r e t c h  i s  in d u c e d  i n  t h e  s tu d  sh a n k . The 
to r q u e  a p p l i e d  t o  t h e  s o c k e t  s p a n n e r  i s  d e f in e d  by e q u a t io n  [ 2 . 4 ] ,  s o  t h a t :
T = Ts + Tn = p o (A + B)
w here  A and  B a r e  c o n s t a n t s .  The to r q u e  a p p l i e d  t o  t h e  t h r u s t  l e v e r  i s  s p e n t  
i n  overcom ing  th e  f r i c t i o n  a t  t h e  c o n ta c t  i n t e r f a c e  b e tw een  t h e  s le e v e  and
34
t i g h t e n i n g  t o r q u e  i s  in c r e a s e d .
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t h r u s t  l e v e r  (T ) a n d  t h e  f r i c t i o n  i n  t h e  t h r u s t  b e a r in g  ( I J ) , s o  t h a t :
T -  T + T, -  P.  (C + D) c b I
w here C and  D' a r e  c o n s ta n t s  and  P^ i s  t h e  a d d i t i o n a l  a x i a l  f o r c e  i n  t h e  sh a n k .
The t o t a l  a x i a l  f o r c e  i n  t h e  s tu d  (P ) i s :2?
Pr  = Po + P z -  * ( A + B * C + D)
T hus, t h e  i n c r e a s e  i n  sh an k  t e n s i o n  due  t o  com bined t i g h t e n i n g  o v e r
t r a d i t i o n a l  to rq u e  t i g h t e n i n g  i s :
I n  t h e  e x p e r im e n ts  o f  P ro d an  and  K a lab ek o v , t y p i c a l  v a lu e s  o f  t h e  c o n s ta n t s  
w e re :
(A + B) = 7 .1  
(C + D) = 11.2
T hese  r e s u l t s  show t h a t  com bined t i g h t e n i n g  o f  t h e  th r e a d e d  c o n n e c t io n  c a n  
in c r e a s e  t h e  e f f e c t i v e n e s s  o f  t h e  t i g h t e n i n g  p r o c e s s  by  a p p ro x im a te ly  60%. 
S in c e  t h i s  r e d u c e s  t h e  d ep en d en ce  o f  t h e  in d u c e d  te n s io n ' on  t h e  f r i c t i o n  
c o n d i t io n s  a t  t h e  m a tin g  s u r f a c e s ,  t h e  te c h n iq u e  re d u c e s  t h e  v a r i a t i o n s  i n  t h e  
b o l t  t e n s i o n  a t  a  nom inal a p p l i e d  to r q u e .  F u r th e r ,  t h e  te c h n iq u e  re d u c e s  t h e  
t o r s i o n a l  s t r e s s e s  in d u c e d  i n  t h e  b o l t  sh an k  due  t o  t h e  to r q u e ,  so  t h a t  t h e  
s t r e n g t h  o f  t h e  th re a d e d  c o n n e c t io n  i s  in c r e a s e d .  T h is  te c h n iq u e  h a s  o n ly  
b een  p ro v e d  u n d e r  l a b o r a to r y  c o n d i t io n s  and  i t  i s  r e c o g n iz e d  t h a t  t h e r e  w i l l  
b e  p r a c t i c a l  l i m i t a t i o n s .
2 .8  A p p ra is a l  o f  t h e  T ig h te n in g  M ethods
The m ethods w h ich  a r e  c u r r e n t l y  a v a i l a b l e  t o  t i g h t e n  b o l t e d  j o i n t s  c a n  b e  
d iv id e d  i n t o  two c a t e g o r i e s .  F i r s t ,  t h o s e  w hich  r e l y  on  some c h a r a c t e r i s t i c  
o f  t h e  b o l t e d  a ssem b ly  t o  p re d e te rm in e  t h e  b o l t  t e n s i o n .
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-  T orque C o n tro l
-  A ngle C o n tro l
-  G r a d ie n t  C o n tro l
-  E lo n g a tio n  M easurem ent
W ith  t h e  e x c e p t io n  o f  te c h n iq u e s  b a s e d  on e lo n g a t io n  d e te r m in a t io n ,  t h e  
p e rfo rm a n c e  o f  t h e s e  m ethods w i l l  b e  i n v e s t i g a t e d  i n  t h i s  t h e s i s .  The 
a c c u ra c y  o f  e lo n g a t io n  m easurem ent te c h n iq u e s  depend  on t h e  c h a r a c t e r i s t i c s  o f  
t h e  m ea su rin g  d e v ic e ,  f o r  i n s t a n c e ,  t h e  gauge  p in  -  d i a l  g auge  u se d  w i th  t h e  
RRL b o l t  ( s e c t io n  2 .5 )  o r  t h e  a c c u ra c y  w i th  w h ich  th e  R o ta b o l t  gap  i s  s e t  
( s e c t io n  2 . 5 ) .  F u r th e rm o re , t h e  a b i l i t y  o f  u l t r a s o n i c  te c h n iq u e s  t o  d e te rm in e  
b o l t  t e n s i o n  dep en d s v e ry  much on  t h e  c h a r a c t e r i s t i c s  o f  t h e  wave p ro p a g a t io n  
te c h n iq u e  and  w i l l  n o t  b e  d i s c u s s e d  any  f u r t h e r .
The seco n d  c a te g o r y  in c lu d e s  th o s e  m ethods w h ich  r e l y  on  t h e  p e rfo rm a n c e  
o f  t h e  d e v ic e  t o  a c c u r a t e l y  p r e d i c t  b o l t  t e n s i o n ,  nam ely :
-  Load I n d ic a t i n g  W ashers
-  Load I n d ic a t i n g  B o l t s  ( e . g .  R o ta b o lt )
-  H y d ra u lic  T e n s io n e rs
Load I n d ic a t i n g  W ashers w i l l  b e  g iv e n  a t t e n t i o n  i n  C h a p te r  S ix ,  w h i l s t  t h e  
o t h e r  m ethods w i l l  n o t  b e  d i s c u s s e d  i n  t h i s  t h e s i s .
T h e s e  i n c lu d e :
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CHAPTER THREE 
ELASTIC DEFLECTIONS OF A BOLTED JOINT
3 .1  The S ig n i f i c a n c e  o f  t h e  D e f le c t io n s
The a p p l i c a t i o n  o f  a  t i g h t e n i n g  to r q u e  t o  a  th r e a d e d  f a s t e n e r  c r e a t e s  a  
t e n s i o n  i n  t h e  sh an k  w h ich  c a u s e s  t h e  c lam ped  p a r t s  t o  d e f l e c t ,  t h e  b o l t  t o  
s t r e t c h ,  t h e  h ead  and  n u t  t o  d e f l e c t  and  t h e  t h r e a d  f l a n k s  t o  b e  defo rm ed  due 
t o  t h e  v a ry in g  lo a d  i n  t h e  t h r e a d  h e l i x .  T hese d e f l e c t i o n s  w i l l  r e s u l t  i n  a  
' t o t a l  j o i n t  d i s p la c e m e n t1 w h ich  c o n t r o l s  t h e  r e l a t i o n s h i p  b e tw een  t h e  
r e s u l t a n t  t e n s i o n  and  t h e  n u t  r o t a t i o n .  A ls o , t h e  c o r r e c t  d e te r m in a t io n  o f  
t h e  d e f l e c t i o n s  o f  a  b o l t e d  j o i n t  and  h e n c e , j o i n t  s t i f f n e s s ,  i s  o f  e x tre m e  
im p o r ta n c e  i n  t h e  d e s ig n  o f  b o l t e d  c o n n e c t io n s .  A lth o u g h  n o t  d i r e c t l y  
r e l e v a n t  t o  t h i s  t h e s i s ,  i t  i s  im p o r ta n t  t o  n o te  t h a t  i n  a  p re lo a d e d  j o i n t  t h e  
i n c r e a s e  i n  b o l t  t e n s i o n  due  t o  t h e  e x t e r n a l  lo a d  a p p l i c a t i o n ,  w h e th e r  s t a t i c  
o r  d ynam ic , dep en d s on b o th  t h e  b o l t  and  j o i n t  d e f l e c t i o n s ,  and  i s  g iv e n  by 
th e  e q u a t io n  (40 ) :
KnP -  P  ——R W K + IE p B
w here  a r e  t h e  s t i f f n e s s  o f  t h e  n u t - b o l t  and  o f  t h e  c lam ped  p a r t s
r e s p e c t i v e l y .  (Meyer and  S tre lo w  (41) a l s o  d i s c u s s  t h e  i n f lu e n c e  o f  j o i n t  
s t i f f n e s s  on th e  p r o p o r t io n  o f  a n  e x t e r n a l  lo a d  f e l t  by  t h e  b o l t ) .
3 . 2  R eview  o f  P re v io u s  Work
C o n s id e r in g  t h e  im p o r ta n c e  o f  b o l t e d  j o i n t  d e f l e c t i o n s  t o  d e te rm in in g  t h e  
a d d i t i o n a l  lo a d  f e l t  by  t h e  b o l t ,  t h e  r e s i s t a n c e  t o  v i b r a t i o n ,  t h e  c a l c u l a t i o n  
o f  f a t i g u e  l i f e ,  and  t o  t h e  o v e r a l l  i n t e g r i t y  o f  t h e  j o i n t ,  t h e r e  h av e  b e e n  
few  s t u d i e s  i n v e s t i g a t i n g  t h e  o v e r a l l  d e f l e c t i o n s .  In  c o n t r a s t ,  t h e r e  hav e  
b e e n  many a p p ro a c h e s  t o  d e te rm in in g  t h e  d e f l e c t i o n s  o f  t h e  c lam ped  p a r t s ,  
i n i t i a l l y  b a se d  on  t h e  'C ones o f  I n f l u e n c e ' m ethod , t h e  B o u ss in e sq  p ro b lem  and  
m ore r e c e n t l y  on f i n i t e  e le m e n t m e th o d s . T h e re  hav e  b e e n  c o n s id e r a b le
v a r i a t i o n s  i n  t h e  r e s u l t s  from  t h e s e  a p p ro a c h e s , w h ich  c a n  u l t i m a t e l y  o n ly  b e  
v e r i f i e d  by  c o m p ariso n  w i th  e x p e r im e n ta l  m easu rem en ts . H ow ever, t h e  
c a l c u l a t i o n  o f  t h e  n u t  and  b o l t  d e f l e c t i o n s  h a s  a t t r a c t e d  l i t t l e  a t t e n t i o n  due 
t o  t h e  s im p l i f y in g  a s su m p tio n s  g e n e r a l l y  m ade. T h a t i s ,  t h a t  t h e  d e f l e c t i o n s  
o f  t h e  t h r e a d s ,  n u t  body and  t h e  b o l t  h e a d  a r e  n e g l i g i b l e .
3 . 2 . 1  D e f le c t io n s  o f  t h e  Clamped P a r t s
In  1927, on t h e  b a s i s  o f  t h e  p r i n c i p l e s  d e v e lo p e d  by  von  Bach and  C am erer 
( 4 2 ) ,  R o e ts c h e r  (43) d e v e lo p e d  h i s  th e o r y  on 'C ones o f  I n f lu e n c e ' t o  c a l c u l a t e  
t h e  j o i n t  d e f l e c t i o n .  He assum ed t h a t  t h e  d e fo rm a tio n  o f  t h e  c lam ped  p a r t s  
c o u ld  b e  c a l c u l a t e d  a s  t h e  d e fo rm a tio n  o f  t h e  body l im i t e d  b y  t h e  f ru s tu m  o f  
two c o n e s  w i th  a  h a l f  co n e  a n g le  o f  4 5 ° ,  a s  shown i n  F ig u re  3 .1 .  T hus, o n ly  
m a te r i a l  w i th in  t h e s e  l i m i t s  c o u ld  b e  ta k e n  i n t o  c o n s id e r a t i o n .  From th e  
e q u i l ib r iu m  c o n d i t io n ,  t h e  p r e s s u r e  d i s t r i b u t i o n  i s  g iv e n  b y :
f ) -  ^ p °
P{XJ ~ * [ (  d + I ~ 2 x ) 8 -  d l lo n
F u r th e rm o re , R o e ts c h e r  assum ed t h a t  t h e  p r e s s u r e  d i s t r i b u t i o n  o v e r  any  p la n e  
p e r p e n d ic u la r  t o  t h e  b o l t  a x i s  re m a in e d  c o n s t a n t .  On t h i s  b a s i s ,  h e  c o u ld  
r e p l a c e  t h e  f ru s tu m  c o n e s  by  an  e q u iv a l e n t  c y l i n d e r  o f  e q u a l  s e c t i o n a l  a r e a ,  
so  t h a t  t h e  d e f l e c t i o n  o f  t h e  c lam ped  p a r t s ,  due  t o  t h e  b o l t  lo a d ,  i s  g iv e n  
b y :
6 = 4 I Vo
P -------------------
H d  + i l ) 2 -  d f ]  p 0 h
H ow ever, t h i s  e q u a t io n  was o n ly  v a l i d  f o r  p l a t e  t h ic k n e s s e s  o f  t h e  same o r d e r  
a s  t h e  b o l t  d ia m e te r  s i n c e ,  w i th  t h i c k  com ponents t h e  d ia m e te r  o f  t h e  
e q u iv a l e n t  c y l i n d e r  i n c r e a s e s  r a p i d l y ,  an d  th e  d e fo rm a tio n s  c a l c u l a t e d  from  
t h e  above e q u a t io n  a r e  s m a ll  com pared  w i th  a c tu a l  v a lu e s  ( 4 4 ) .  A num ber o f  
o t h e r  s t u d i e s  fo llo w e d , b a s e d  on  R o e t s c h e r 's  t h e o r y ,  w h ich  s o u g h t  a g re e m e n t 
w i th  e x p e r im e n ta l  r e s u l t s .  The m ost n o ta b le  o f  t h e s e  a r e  d e s c r ib e d  b e lo w .
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Roetscher1s (43) Frustum Cones and Equivalent FIGURE 3.1
Approach to  Plate Deflections by Ten Bosch (45) FIGURE 3.2
(d0 + 1 -  2x)
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Ten Bosch (45) agreed w ith Roetscher's Cones of Influence method, but 
instead of replacing the cones w ith an equivalent cylinder, found the 
deflections by in tegration. From Figure 3.2 the deflection is  given by:
i, .  2 Po z N ( d° + 1 "  dji> <d°  + dP 1 
P * Ep dh(d0 + I + d h )(d0 -
Despite th is  improvement, small deflections resulted from the use of the 
theory according to  Ten Bosch. Birger (46) a ttributed th is  disagreement w ith 
experimental results to  the cone angle being too large and instead suggested 
tha t the h a lf angle of the cone should have a value o f 22° and found the area 
of the cones by in tegration in  a s im ila r manner to  Ten Bosch, giving the 
deflection of the clamped parts as:
, ( d n + 0 . 4 1  - d ,  ) ( d n + d n K
b 5 Po i  f  0 * h 0 h ‘l  og [
P *Bpdh <d0 + 0 . 4 1 + d h ) ( d g -  d f i  
On the other hand, Vitkup (44) a ttribu ted  the lack of correspondence to  
errors in  using the Cones of Influence method to  derive the deflections. 
Instead, he based his work on the Boussinesq problem of the action of forces 
in  an e las tic  ha lf space and derived the deflection of the clamped parts as: 
2 P 0 ( 1 -  * 2 ) r  ^  7 2b = r  d  -  _ _ l _____ ( 2  -  2 ]  -  ( J ( l 2 + d 2 ) - I ) ]
L °  4 ( 1 - * )  \ l  ( l 2- d 2 )J ° Jp E ( d 2 -  d 2 )p o h o
At th is  stage, the reader is  directed to  a thesis by Stuck (47) who discusses 
in  d e ta il these d iffe re n t theories amongst others.
In a ll the previous theories i t  was assumed tha t the pressure 
d is trib u tio n  on any plane perpendicular to the b o lt axis was constant w ith in  
the area lim ited by the envelope. However, th is  assumption leads to 
re la tiv e ly  small deflections. Experimental work by Boenick (48) showed tha t 
the pressure d is trib u tio n  is  not constant. As a consequence, Motosh (40) 
attempted to  approximate the pressure d is trib u tio n  to  the form:
P ( r )  = A r  + B r 3 + C r 2 + D r  + E
Comparison between Experimental work by Boenick (48) and FIGURE 3.3
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Accordingly, the coe ffic ien ts of the equation, which are functions of a;, could 
be determined from the follow ing boundary conditions:
_ d p  „ d 2 p „ „ i j  d p  _
' * 3?  = ° '  dt*  = 0 • * - w d h i ^  -  o
and from the equilibrium  condition:
fVo
P 0 = I  2 x  r  p d r
J i d h
Comparison between th is  analysis and experimental resu lts by Boenick shows 
good agreement, as illu s tra te d  in  Figure 3.3. Motosh considered both a 
conical and a spheroidal envelope and calculated the deflections by 
in tegration. Figure 3.4 shows comparison w ith the experimental resu lts due to 
Fritsche (49) and Stuck (47).
Fernlund (50) assumed tha t the two plates could be represented by a 
single plate and calculated the pressure d is trib u tio n  in  a d iffe re n t manner 
from Motosh, using the method of superposition. His work showed tha t 
approximating the pressure d is trib u tio n  between the plate and the nut or b o lt 
to  a uniform d is trib u tio n  yie lds only a s lig h t error compared w ith the 
’actua l’ case where the d is trib u tio n  is  non-uniform. This re su lt is  confirmed 
by a f in ite  element analysis by Maruyama e t. a l. (51).
The work by Motosh, Fernlund and Birger showed tha t the pressure 
d is trib u tio n  is  not uniform over any section perpendicular to  the b o lt axis. 
However, th is  introduces complications to  the calculation since i t  involves 
the derivation of the coe ffic ien ts o f a fourth order polynomial and 
consequently the technique cannot be conveniently applied to  a design o ffice  
environment. Work by Weiss and Wallner (52) showed tha t the application of 
the Cones of Influence method w ith a small h a lf cone angle (10°) gives a close 
approximation to  the method used by Fernlund fo r length-diameter ra tios  less 
than 8. Also, a comparison w ith the experimental work of Fritsche (49) and 
Vitkup (44) shows good agreement as indicated in  Figure 3.5. The equations
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Comparison between the  Experim ental Work by’ F rits ch e  (49) and FIGURE 3.5
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have subsequently been used by the VDI in  th e ir d irective  on the calculation 
of High-Duty Bolted Joints (VDI 2230). Weiss and Wallner also considered the 
slenderness o f the clamped parts and proposed a set of equations fo r the 
deflections.
3.2.2 Deflections of the Nut and Bolt
■ The general approach to  determining the deflections of a nut and b o lt has 
been to  consider the components as a set o f cylinders connected in  series so 
tha t the to ta l deflection is  the sum o f each of the individual parts. On th is  
basis, many studies have only considered the deformations o f the b o lt shank 
and have ignored the contribution of deflection of the b o lt head and nut 
(including threads) in  the calculation. However, experimental work by Surtees 
and Ibrahim (37) showed tha t the deflection of the head was s ig n ifica n t. Sawa 
and Maruyama (53) treated the b o lt by d ivid ing i t  in to  b o lt head, threaded 
shank, unthreaded shank and the nut. The researchers analysed the b o lt head 
as a f in ite  cylinder and the nut as a f in ite  hollow cylinder and derived the 
deflections, which were confirmed by experimental work. However, the 
deflection of the nut did not take account of the varying load d is trib u tio n  
along the thread h e lix .
Using the method due to  Sawa and Maruyama, Sakisaka e t a l. (54)
calculated the spring constant o f a b o lt and subsequently analysed the load in
the cylinder head bolts of an in te rna l combustion engine.
3.3 E lastic Deflections o f a Bolted Jo in t
3.3.1 Deflections of the Clamped Parts
The problem of determining the deflection of the clamped parts has been 
due to  the d iff ic u lty  in  accurately assessing the exact region affected by the
b o lt load, and the pressure d is trib u tio n  over the area.
Considering the jo in t only as i t  is  tightened, then the jo in t can be 
regarded concentric (loading axis passes through b o lt a x is ). I t  is  generally
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established tha t the area influenced by jo in t tightening envelopes a 
substantial part o f the clamped components, and substitu tion of a c ircu la r 
envelope has given good agreement w ith experimental information (40) provided 
a suitable pressure d is trib u tio n  has been chosen. I t  is  widely accepted in  
the lite ra tu re , tha t the pressure d is trib u tio n  over tha t annular area 
perpendicular to  the b o lt axis is  not constant. In fa c t, i t  is  highest a t the 
inner diameter and decreases rap id ly w ith increased radius from the b o lt axis. 
Hence, the area p rin c ip a lly  affected by the b o lt tension is  as shown in  Figure 
3.6. The work by Weiss and Wallner (52) assumes a constant pressure 
d is trib u tio n , bounded by a small envelope (cone angle about 10°). This model 
compares favourably w ith available experimental information.
On th is  basis, provided the jo in t can be considered concentric, then the 
deflection o f the clamped parts is :
3.3.2 Deflections of the Bolt
The deflections of the b o lt consist of deflection of the b o lt head and 
extension of the b o lt shank. Figure 3.7 shows the deflections of the 
ind ividual components of the fastener.
The standard method (55) o f calculating the extension of the b o lt shank 
is  to  tre a t i t  as two cylinders in  series, giving the extension of the shank 
due to  the b o lt load as:
b e  s
On the basis of the work by Sawa and Maruyama (53) , which was substantiated by 
experimental work, the deflection of the b o lt head is  given by:
[ 3 . 2  ]
b = Po 0 ' 6  d
h ~ %
[ 3 . 3 ]
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Deflections of the Nut-Bolt Combination
I
C J
6 ,
\_L
FIGURE 3.7
*t-U — bsh
Deflections of the Threaded Connection FIGURE 3.8
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The calculation of the deflections of the threaded connection is  not so 
straightforward. The deflections are dependent upon the load d is trib u tio n  
along the thread h e lix , since th is  determines the proportion o f the nut body 
and the thread he lix  tha t is  loaded. I t  has long been realized tha t the load 
carried by the threads is  not constant along the length o f the engaged thread 
helices. In 1902, Zhukovskii (56) showed tha t fo r a standard nut the load is  
d istribu ted  according to  a geometric progression, dim inishing upwards from the 
f ir s t  turn . Furthermore, he showed tha t the principa l part o f the load is  
taken by the f ir s t  three or four turns of the threads, w ith the remaining 
thread turns re la tiv e ly  free from load.
The derivation of the load d is trib u tio n  along the axis o f the b o lt and 
nut connection has been proposed in  many lite ra tu re s , most notably by Goodier 
(57) and Sopwith (58). Goodier measured the axia l and rad ia l displacements of 
a loaded c ircu la r nut, and from them calculated the load a t various sections 
of the nut. Sopwith the o re tica lly  calculated the deflections of the threaded 
connection and deduced the load d is trib u tio n  along the thread h e lix . Both 
investigators found tha t there was considerable load concentration a t the 
bearing face of the nut. However, they did not consider the e ffec t of thread 
run-out a t the bearing face; th is  reduces the stiffness o f the thread flank 
and hence re -d istribu tes the load more uniform ly (59, 60).
Figure 3.8 shows the deformations of a nut and b o lt connection due to  the 
b o lt load. The re la tive  displacement a t x  between the b o lt and nut due to  the 
applied load is  the difference between the extension of the b o lt core and the 
compression of the nut body, in  addition to  the axia l displacements o f the nut 
and the b o lt threads, so tha t the to ta l ax ia l displacement o f the threaded 
connection is :
3.3.3  D e fle c tio n s  o f the  Threaded Connection
b't = \ h  + 6b ~  6n [ 3 - 41
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From these deflections, the d is trib u tio n  of load upwards from the bearing face 
o f the nut is  derived in  Appendix 3 as:
p ( x )  m s i n h m ( t n  -  m)  [ 3 ' SJ
where
s i n k  m t n
m2 = 2 ( 1  •/- Eb Ab  \  / ( l  +  x' n a b \  [ 3 . 6 ]
tP  °b " n
From Appendix 3, the to ta l deflection of the threaded connection is  derived
as:
6* = %  + \ h  + bn [S- 7>
However, to  calculate the thread load d is trib u tio n  and the deflections, i t  is
necessary to determine the values of the axia l displacement factors fo r the 
thread and nut flanks (C^  and C respective ly).
Following the analysis by Sopwith, i t  is  assumed tha t the thread flank 
can be approximated to  a tapered cantilever of rectangular cross section as 
illu s tra te d  in  Figure 3.9. Since the thread flank is  assumed to  be a short
(re la tive  to  the base thickness), the deflection due to  the shear stresses
cannot be neglected and w ill be in  addition to  the deflection due to  bending. 
Furthermore, additional deflection a t the loading point w ill re su lt due to 
e la s tic ity  of the base (61). This deformation of the support allows the beam 
to  rotate about the b u ilt- in  end (point 0).
From the transverse deflection due to  bending, shear and ro ta tion , the 
axia l displacement factors fo r the nut and b o lt are defined as:
Cb n = w Eb n where v is  the deflection of the thread r 7
* flank due to  load per length of h e lix , w
Assuming tha t the application o f load between b o lt and nut threads is  a t
mid-depth as illu s tra te d  in  Figure 3.10, from Appendix 4, the displacement
factor fo r the nut thread is  (fo r ISO-Metric Threads):
Cn = 3 .539  [ 3 . 9 ]
)/(■ * ciT
Tapered C a n tile ve r o f R ectangular C ross-Section
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FIGURE 3.9
Contact between Nut and B o lt Thread Flanks FIGURE 3.10
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and fo r  the  b o lt th read is :
Cb = 2 . 3 4 4  [ 3 . 1 0 ]
3.3.4 Total Jo int Deflection
Tension in  the b o lt shank causes deflection of a ll the jo in t components, 
These deflections re su lt in  a to ta l displacement which is  the sum of the 
deflections due to  tension and compression, given as:
6 *  fl.*, + \  b + 6 7 + 6 . + 6 [ 3 . 11 ]t h  b n sn  h p
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A study on the tightening characteristics of a nut and b o lt assembly was 
undertaken a fte r a prelim inary lite ra tu re  survey showed tha t d iffe re n t 
opinions ex is t regarding the influence o f several commonly encountered factors 
upon the performance of the main tightening methods discussed in  Chapter Two. 
Furthermore, the experimental work was designed to  make practica l comparisons 
of the performance of these tightening methods, since the lite ra tu re  survey 
revealed a lack of independent information in  th is  area. For example, a 
number o f studies, most notably by Bray and Levi (62), have investigated the 
performance of torque control and the 1tu rn -o f-nu t1 method, w h ils t recent 
works by Junker (63) , Boys (64) and Wallace (1) have placed more emphasis on 
the 'new' y ie ld  controlled method.
The te s t programme included tightening bolts to  beyond the y ie ld  point 
under a planned series o f tests , and recording the changes in  the 
characteristics of the jo in t as i t  was tightened. This chapter discusses the 
background to  the experimental work, the design and specification of the te s t 
equipment and selection of the factors to  be investigated. The design of the 
experiment was selected so tha t the influence o f the factors on the tightening 
characteristics could be id e n tifie d  and the e ffec t quantified.
Discussion and analysis of the experimental results is  contained in  the 
next chapter.
4.1 Review of Existing Experimental Information
In 1944 Stewart (65) reported on his investigations in to  techniques to 
control the b o lt clamping force using torque tightening. He studied factors 
influencing the torque-tension re lationship and concluded tha t in  practice, 
the re lationship was not predictable due prim arily to  fr ic tio n a l variations 
between the mating surfaces. A more detailed study of torque tightening was
CHAPTER FOUR
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performed by Maney (66) in  1945. He designed a te s t method to  measure the 
tens ile  stresses in  the b o lt, the torsional shear stresses and the torque 
applied to  the nut. He showed tha t reversing the applied torque a t the end of 
the tightening operation reduced the torsional stresses in  the b o lt shank to  
about zero without influencing the clamping force. Further work (67) by the 
same author in  1946 indicated tha t a predictable re lationship existed between 
the applied torque and the b o lt tension. He proposed an empirical equation to  
express th is  re lationship, but his experimental work showed tha t i t  was only 
approximate due to fr ic t io n  variations and concluded tha t the tension in  a 
group of bolts tightened to  a nominal torque could vary by ± 30%.
However, resu lts from a study by Kovac (68) in  1947 suggested tha t 
fr ic t io n  variations under the nut bearing face contributed more scatter to  the 
torque-tens ion re lationship than variations a t the threads. He concluded tha t 
a repeatable torque-tension re lationship could be attained i f  the interfaces 
were consistently lubricated and the mating surfaces of the nut and washer 
were ground. Sim ilar work by GKN (69) in  1956 supported Kovac's observation 
tha t the principa l source o f scatter consisted of variations in  the fr ic t io n  
conditions under the nut, and recommended the use of chamfered or washer-faced 
nuts. Later work by Motosh (5) showed tha t fr ic tio n  variations alone were not 
su ffic ie n t to  cause scatter o f ± 30% in  the resultant tension. Work by 
B ritis h  Leyland (70) suggested tha t the bearing face stress d is trib u tio n  could 
be excessively high, resu lting  in  y ie ld  o f the washer, which could account fo r 
variations in  the fr ic tio n  conditions a t the nut bearing face. Work a t 
Rolls-Royce Motors (71) concluded tha t dishing of the washer had a s ig n ifica n t 
influence upon the proportion o f the torque absorbed a t the nut bearing face 
and led to  problems of v ib ra tion  loosening.
These studies on torque tightening showed disagreement on the accuracy of 
the technique to predict the tension; some authors suggested a scatter in  the 
resultant tension of up to  ± 30% fo r a given batch of bo lts . This uncertainty 
led to  an emphasis on other methods to  control b o lt tension. A number of
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studies in  the 1950's including Ruble (72) and Frincke (13) investigated the 
"Turn-of-Nut" method fo r tensioning bo lts and concluded tha t by follow ing a 
set procedure, the technique provided good accuracy in  the resultant b o lt 
tension. However, these studies fa ile d  to  compare the performance of th is  
technique w ith torque contro l.
Stang (73) conducted a prelim inary study o f various tightening methods, 
namely, the use of a micrometer, use o f sk ille d  workmen, turn -o f-nu t and 
torque wrench. He concluded tha t the micrometer method yielded good accuracy 
and tha t sk ille d  workmen could sense a s lig h t y ie ld  when the b o lt reached 
y ie ld  stress. However, tu rn -o f-nu t did not s ig n ifica n tly  improve the control 
of b o lt tension over torque contro l. Bray and Levi (62) were the f ir s t  to  
conduct a quantified comparison o f the available tightening methods. 
Furthermore, they investigated factors a ffecting the tightening 
characteristics of bo lts . A b o lt testing machine was b u ilt  to  measure the 
applied torque, b o lt torque, b o lt tension and the nut ro ta tion , in  order to  
investigate the performance of torque control and the turn -o f-nu t method. The 
authors concluded tha t the torque required to  reach a given axia l load in  the 
b o lt is  very sensitive to  changes in  the fr ic tio n  conditions a t the mating 
surfaces. This is  p rin c ip a lly  influenced by nut and b o lt p la ting  and 
lubrica tion ; class of f i t  between the threads did not show any s ig n ifica n t 
e ffe c t. Also, the turn -o f-nu t method of b o lt tightening afforded better 
control o f the induced b o lt tension than attainable w ith the torque wrench. 
However, the authors fa ile d  to  point out the practica l problems of iden tify ing  
the snug point and the need fo r experimental work to  determine the optimum 
ro ta tion  c rite rio n .
The influence of the tightening method on the strength of threaded 
connections has also been investigated. In 1947, H ill (74) studied the 
influence of the applied torque upon the overall strength of a threaded 
connection. The tension was applied to  the b o lt by e ither the s tra igh t p u ll of 
a testing machine, tightening of the nut, or by a combination of these two
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methods. The te s t data presented indicated that when bolts were torqued to 
fa ilu re , the ultim ate strength in  tension was reduced by 25% to  32% of th e ir 
value in  pure tension. Studies by Pickel (75) and M illiken  (76) also showed a 
reduction in  overall strength in  the threaded connection due to  shear stresses 
and concluded tha t bolts may safely be tightened to  75-80% of the y ie ld  
strength.
4.2 Basis of New Experimental Work
The main problem in  b o lt tightening is  not only to  induce a high tension, 
but also to  do so consistently. A number o f studies on the performance and 
precision of various tightening techniques have indicated poor accuracy w ith 
torque control in  re la tio n  to  the other tightening control methods. This has 
been a ttribu ted to  fr ic tio n  variations at the threads and under the nut, 
however th is  assumption is  generally not w ell founded. Only Edkins has 
attempted to  investigate the problem fu rthe r by d ivid ing the applied torque 
in to  its  component parts and concluded tha t fr ic tio n  variations under the head 
are fa r more s ig n ifican t than a t the threads. The lite ra tu re  survey revealed 
tha t d iffe re n t opinions ex is t regarding the influence of several commonly 
encountered factors on the performance of the tightening methods.
Furthermore, there is  a lack of experimental information from which a 
practica l comparison of the tightening methods can be made.
The control o f b o lt tension ca lls  fo r a knowledge of which factors, i f  
any, exert a sizeable influence on the performance of the tightening 
technique. The lite ra tu re  available in  th is  f ie ld  shows tha t no general 
agreement has yet been reached about the importance of the most commonly 
encountered factors. This indicates tha t the effects are in te rre la ted and 
tha t in  previous studies factors have not been introduced independently or 
compared 1 lik e  w ith lik e '.  On th is  basis, a tes t programme was designed which 
allowed an investigation of the factors affecting the tightening 
characteristics of bolted jo in ts , which could be applied independently.
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Furthermore the tests were designed so tha t a practica l comparison between the 
existing tightening methods could be made.
4.3 Experimental Apparatus
4.3.1 Design of the Experimental Apparatus
A b o lt testing machine was designed fo r the purpose of simulating a 
bolted jo in t and of measuring the to ta l torque applied to  the nut, the torque 
absorbed a t the nut bearing face, the induced clamping force, the angle of 
ro ta tion  o f the nut, the angle of tw is t of the b o lt shank and the jo in t 
displacement. The torque developed in  the b o lt shank was derived from the 
difference between the applied torque and the nut bearing face torque.
I t  was important to  design the apparatus w ith a s e n s itiv ity  as high as 
possible without s ig n ifica n tly  a ffecting  the f le x ib ility  of the jo in t and a 
reasonable accuracy had to  be attained in  order to  separate small e ffects o f 
the parameters under investigation. The design is  shown in  Plates 1 and 2, 
and Figure 4.1. As shown, the b o lt head is  held captive w h ils t the nut is  
rotated using the reduction gearbox which applies the input torque through the 
transducer. The ro ta tion  o f the nut is  monitored by an incremental encoder 
linked by anti-backlash gears to  the output shaft. As the b o lt is  tensioned, 
i t  compresses the jo in t which is  monitored by a strain-gauged transducer, 
which is  combined w ith the transducer measuring the torque absorbed a t the nut 
bearing face. A small shaft passes a x ia lly  through the gearbox and is  
threaded in to  the end of the b o lt. This shaft monitors both the ro ta tion  and 
displacement of the b o lt shank. For testing long bo lts the compression/torque 
transducer was designed s lig h tly  d iffe re n tly : instead of measuring the bearing 
face torque, the transducer measured the shank torque. In other respects the 
te s t apparatus was id en tica l.
The torque transducers were each instrumented w ith a pa ir of rosettes 
(Showa N22FA5) w ith the gauges cemented a t 45° to  the transducer axis in  order 
to  record the d irec t stra ins. I t  was convenient to  use a w iring system (shown
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in  Appendix 5) which automatically cancelled out unwanted signals, i.e . 
signals arising from the axia l stra ins or from any bending which may be 
present. A fu ll bridge system Was used and the se n s itiv ity  of four times tha t 
of a single gauge was achieved. For the compression gauges a fu l l  bridge 
c irc u it was used so tha t the unwanted effects of bending and torque were 
eliminated and the se n s itiv ity  increased by a factor o f 2.6 times tha t of a 
single gauge, making use of the poissons s tra in  as shown in  Appendix 5. With 
th is  arrangement, assuming perfect gauge in s ta lla tio n , cross-sensitiv ity  
between the torque and compression gauges fo r the combined transducer would be 
elim inated. In practice, however, cross-sensitiv ity  may be present and th is  
was examined during ca lib ra tion .
The main characteristics o f the te s t apparatus are given in  Table 4.1
Table 4.1 -  Characteristics o f the Testing Machine
Mean angular speed of tightening 0.5 rpm
Encoder output resolution ± 0.12 deg
Sony Displacement Gauge accuracy
of measurement ± 0.002 mm
Orion Data Logger logging rate
(long Bolt)
Transducer s tiffness 1018 kN/mm
(short bo lt)
Since the research programme entailed a large number of b o lt tests, i t  was 
necessary to  make loading of the te s t bo lts as simple as possible and fo r the 
data to be collected in  an easy manner. An Orion data logger was chosen to  
log the outputs simultaneously as the tests were conducted. At a la te r stage 
the data was transferred to a micro-computer (Hewlett-Packard HP-45) which 
performed a ll the necessary data processing and analysis (see Figure 4.2).
(a ll 6 channels) 
Transducer s tiffness
1.00 logging/sec
303.0 kN/mm
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B lock Diagram o f Test Apparatus and In s trum en ta tion  FIGURE 4.2
C alibration.of the Compression Transducer FIGURE 4.3
I
I
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The ca lib ra tion  of the torque gauges was made against the output o f a 
Norbar torque transducer (recently issued w ith a new ca lib ra tion  c e rtific a te ), 
Plate 3 shows the ca lib ra tion  arrangement fo r the bearing face torque 
transducer (short b o lt) . The input torque and long b o lt transducers were 
calibrated in  a s im ila r arrangement. The transducers were calibrated in  both 
directions to  a maximum torque of 140 Nm, and the outputs recorded fo r both 
loading and unloading. I t  was assumed tha t the precision erro r o f the Norbar 
transducer was of the order of 0.1%. The compression gauges were calibrated 
in  a standard Denison testing machine, as shown in  Figure 4.3. To reproduce 
the loading conditions during a b o lt te s t, a dummy b o lt head and nut were 
placed between the loading platforms. The transducer was calibrated through 
the en tire  loading range of the te s t apparatus, and data recorded fo r both 
loading and unloading.
The ca lib ra tion  information is  given in  Table 4.2.
Table 4.2 -  Calibration Information
Encoder transitions 16.6667 transitions/deg
C alibration C oefficient o f the
Input torque transducer 8.479 (Jstrain/Nm ± 0.85%
Long Bolt Transducer 
C alibration C oefficient fo r the
shank torque transducer 4.848 [Jstrain/Nm ± 1.41%
C alibration C oefficient fo r the
preload transducer 27.34 pstrain/kN ± 1.16%
Short B olt Transducer 
C alibration C oefficient fo r the nut
bearing face torque transducer 2.507 [Jstrain/Nm ± 3.38%
C alibration C oefficient fo r the
preload transducer 14.02 pstrain/kN ± 0.91%
During the ca lib ra tion  of the combined bearing face torque and
compression transducer, the unloaded channel was monitored to  investigate the 
cross-sensitiv ity  of the gauges. In both cases, the interference from the
4.3.2  C a lib ra tio n  o f the-E xperim enta l Apparatus
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loaded channel was neg lig ib le . In a ll respects, the ca lib ra tion  procedure of 
the long b o lt transducer was iden tica l to  tha t of the short b o lt transducer.
The encoder transitions were checked using a divid ing head. The 
tra n s itio n  rate was consistent w ith the manufacturer's specifications, w ith a 
resolution of ±0.66 degrees ro ta tion  of the encoder shaft. The gears link ing  
the output shaft to the encoders had no detectable backlash, since special 
spring-loaded gears had been incorporated in to  the design. The output from 
the Sony displacement gauge was checked using s lip  gauges and found to  be 
consistent w ith the manufacturer's quoted accuracy.
4.3.3 Analysis of Calibration Errors
There are two basic classes of error in  experimental work. These are: 
errors of precision and errors of accuracy, and a ll readings possess an 
overa ll error compounded o f both classes.
The purpose of ca lib ra tion  is  to  minimize errors o f precision by 
introducing a 'C alibration C oeffic ien t' and to  estimate the overall error fo r 
each transducer. The method adopted to  ca lib rate the torque and compression 
transducers was to measure the output against the 'known' output of the 
ca lib ra tion  source. Essentia lly, the ca lib ra tion  involved taking measurements 
at regular in terva ls through the whole working range of the transducer and 
recording the readings. From these results the gradient was calculated using 
the 'Least Squares' method. The gradient represents the ca lib ra tion  
coe ffic ien t fo r the transducer which is  used to  convert the s tra in  readings 
in to  the measured parameter, fo r example, applied torque.
In order to  validate the experimental results and any fu rthe r analysis, 
i t  is  necessary to  estimate both the precision and accuracy of the 
measurements so tha t the to ta l error in  the results can be deduced. 
Essentia lly, accuracy error is  a measure of the deviation of the observed 
points from the least squares f i t  lin e . Precision error is  estimated from the 
te s t to  te s t varia tion  in  the ca lib ra tion  coe ffic ien t.
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S lo p e  ± S ta n d a rd  E r r o r  o f  S lo p e  . t  [ 4 . 1 ]
where t  is  the 99 % 'Student's t  Value' w ith ( n - 2 )  degrees of freedom 
( n : number of data p a irs ). The standard error of slope is :
S ta t is t ic a lly ,  the  accuracy o f the  c a lib ra tio n  c o e ff ic ie n t is  de fined  by
(77) :
S
If Z.(Vi -  (mxf  + a)  ) 2 x
T T Z  /  [4m2]( n - 2 )  Z ( x £ -  x ) 2
Using th is  equation, the error o f accuracy a t the 99 % confidence lim it can be 
estimated, based on the deviation of the points from the least squares f i t  
lin e .
The precison of the ca lib ra tion  coe ffic ien t is  (78):
d  , t  . S ta n d a rd  D e v ia t io n  ( s )  r . „ 7S lo p e  t  — ----------------------------------  [ 4 . 3 ]
\J(number o f  T e s t s ) ( n )
where s represents the te s t to  te s t standard deviation of the ca lib ra tion  
co e ffic ie n t, the value of t  is  again taken from Tables a t the 99 % confidence 
lim it and n represents the number of repeated tests. The to ta l error in  the 
ca lib ra tion  coe ffic ien t is  given by (78):
C = C ± (E + E . . ) [ 4 . 4 ]mean a c c u ra c y  precLSLon
Thus fo r each of the transducers, an estimate of the to ta l error in  the 
ca lib ra tion  coe ffic ien t could be made on the basis of th is  analysis. The 
resu lts of the ca lib ra tion  tests are given in  Appendix 6. Five repeated tests 
were conducted to  estimate the precision erro r. This was considered to be a 
su ffic ie n t number since i t  can be shown tha t s ta tis tic a lly  there is  l i t t le  
benefit to  be gained from conducting more rep e titive  tests (79).
4.4 Experimental Material
Metric hexagon head bolts of the same nominal diameter (M12) were chosen 
fo r a ll the tests . Each b o lt was s lig h tly  modified fo r the purpose of the
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tests, namely the A/F size across two fla ts  was made a close f i t  to the 
transducer s lo t fo r proper location, and a tapped hole was d r ille d  (M5 x 6 mm) 
to  locate the rotation-extension shaft. In other respects the b o lt, nut and 
washer were used in  'as-received' condition. The location of the te s t b o lt in  
the transducer is  shown in  Figure 4.4 and specifications of the te s t material 
is  given in  Table 4.3.
Table 4.3 -  Specifications o f Test Bolt and Nut 
Bolt (BS 3692:1967)
Strength grade 8.8
Minimum y ie ld  stress 628 N/mm2
Minimum ultim ate tens ile  stress 785 N/mm2
Maximum " " " 981 N/mm2
Hardness range 225 -  300 HB
Tensile stress area 84.3 mm2
Basic p itch diameter 10.86 mm
Basic minor diameter 10.10 mm
Bolt length (long) 140 mm
Bolt length (short) 55 mm
Length of threaded part 36 mm
Zinc p la ting  to  BS 3382 Pt.2
Nut (BS 3692: 1967)
Strength grade 8
Proof stress 785 N/mm2
Nuts and bolts were tested in  two conditions -  untreated and zinc plated. 
In addition to these tests, a small number of the untreated bolts were plated 
in  order to  investigate the e ffe c t o f d iffe re n t fr ic tio n  conditions on the 
y ie ld  stress of bolts from the same manufacturing batch. The other p la ting 
fin ishes were cadmium, hard chromium and b righ t chromium.
Three types of washer were used under the nut. Plain washers according to  
BS 4320:1968 were used in  two forms. Special hardened washers were 
manufactured from s ilv e r steel and heat treated to  hardness approximately 
500HB, and w ith the bearing surfaces ground to  30 pm. These washers were 
s lig h tly  th icker than recommended by B ritis h  Standards in  order to  minimize
Location  o f the  Short Test B o lt in  Transducer
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FIGURE 4.4a
Location o f the Long Test Bolt in  Transducer FIGURE 4.4b
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d is to rtio n  of the bearing faces and also the in te rna l diameter was a closer 
f i t  to  the nominal b o lt diameter to  reduce eccentric ity o f the bearing face.
The specifications of the washers are given in  Table 4.4. Light machine 
o il was applied sparingly to  the b o lt threads and to  the bearing surfaces o f
the nut and washer. Also, a small brass sleeve could be f it te d  to  ensure
concentricity of the bearing surfaces of the nut and washer. The location of
the brass sleeve is  shown in  Figure 4.5.
Table 4.4 -  Washer Specifications
Thickness (mm)
In t. diameter (mm) 
Ext. diameter (mm)
Washers to  BS 4320:1968 Special
Form A Form D Washer
2.3 -  2.7 1.8 -  1.4 3.0
13.0 -  13.4 13.0 -  13.4 12.2
23.5 -  24.0 27.5 -  28.0 24.0
4.5 Experimental Design and Procedure
When undertaking the planning of the experiment, i t  was realized tha t a 
sizeable number of factors could exert rather important effects on the 
variables under investigation, and i f  any meaningful conclusions were to  be 
drawn from the experimental work i t  was necessary to  control these factors and 
to  apply them independently.
The main factors under investigation are summarised in  Table 4.5. Each 
of the factors could be chosen a t d iffe re n t levels.
Table 4.5 -  Factors o f Main Experiment
Factor Level
A Surface treatment As-received Zinc plated Other
(nut and bo lt)
B Jo in t configuration Long b o lt Short b o lt
C Washer type Form A Form D Special
D Bearing Face
configuration Concentric Eccentric
Each of the tes t combinations were repeated in  order to  provide data fo r the 
estimation of the scatter in  the resu lts fo r a batch of bo lts . The effects of 
the factors on the tightening characteristics were analysed and significance 
of the factors considered.
The procedure adopted fo r testing the bolts was the same throughout a ll 
the tests . F irs t, a new nut, b o lt and washer were assembled in  the te s t jo in t 
w ith a smear of machine o il on the bearing face and the threads. The nut was 
tightened by hand while the head was prevented from turning by the the captive 
fix in g . The extension shaft was then screwed tig h tly  in to  the end of the b o lt 
shank and the shank ro ta tion  encoder was engaged w ith the anti-backlash gear.
The channels were then zeroed and the Orion Datalogger put in  'run ' mode 
and the jo in t tightened using the reduction gearbox. At an input torque o f 
140 Nm (design lim it of gearbox) or beyond y ie ld  in  the jo in t, the Orion was 
put in  'h a lt' mode and the tightening process stopped. To unload the jo in t, 
the Orion was again put 'run ' mode and the b o lt was loosened u n til the preload 
fe l l  to  approximately zero. The Orion was fin a lly  halted. Data was stored on 
tape, which could then be transferred to  the HP-45 computer a t a convenient 
time fo r processing.
Location of Brass Sleeve to  Minimise Eccentricity FIGURE 4.5
W a s h e r
C o m p r e s s i o n
T r a n s d u c e r
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Data was recorded from the s ix  channels during both tightening and 
loosening of the jo in t. Four unique curves were plotted fo r each b o lt te s t:
a) Applied Torque -  Tension, including shank and bearing face torque
b) Nut Rotation -  Tension
c) Shank Displacement -  Tension
d) Applied Torque -  Nut Rotation
These relationships were selected because the ultim ate in te res t was in  the 
induced b o lt tension and how i t  was related to  the chosen parameters. While 
the quantitative values changed from te s t to  te s t, the general behaviour of 
these curves was the same fo r a ll the bolts w ith the exception of the torque 
characteristics which w ill be discussed la te r. For analysis, certa in 
parameters and characteristic points were tabulated fo r each of these curves 
(see Appendix 7).
For the torque-tension relationships of the gradients of each of the 
torque curves (Figure 5.1) were s ig n ifica n t, since from these gradients, the 
d is trib u tio n  of the applied torque and the behaviour of fr ic t io n  a t the 
interfaces could be determined. Furthermore, to  te s t the performance of 
'Torque Control' as a tightening method, i t  was required to  establish the 
varia tion  in  tension a t the nominal torque. Current design practice (80) 
recommends tightening bo lts u n til the maximum induced nominal stress reaches a 
value not greater than about 0.8 o f the y ie ld  strength of the b o lt material to  
ensure tha t yie ld ing of the b o lt does not occur during tightening. At th is  
stress fo r M12 bolts in  'as-received' condition the recommended tightening 
torque is  90 Nm (81). The tension a t th is  applied torque was recorded.
For the angle-tension re la tionsh ip , the gradient fo r the linear portion 
was determined so tha t the to ta l jo in t deflection (defined in  section 3.3.4)
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T yp ica l B o lt Tension -  Torque R e la tionsh ips  FIGURE 5.1
Torque (Nm)
Typical Bolt Tension -  Nut Rotation Relationship FIGURE 5.2
Nut R o t a t i o n  (deg)
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T yp ica l B o lt Tension -  Shank D isplacem ent R e la tio nsh ip  FIGURE 5.3
S h a n k  D i s p l a c e m e n t  (mm)
Typical Applied Torque -  Nut Rotation Relationship FIGURE 5.4
Nut R o t a t i o n  (deg)
could be evaluated. Also, the snug position a t the specified torque was 
deduced. For assessment o f the tightening technique (section 2.3) -  both 
e la s tic  and y ie ld  range -  the tension a t th is  specified angle was also 
recorded (Figure 5.2). The optimum snug torque and subsequent turning angles 
were determined from in it ia l experimental tests. The snug torque was selected 
as 20 Nm, since a t the corresponding tension, the jo in t is  properly seated.
For e la s tic  range tightening, the subsequent turning angles were 75° and 30°, 
fo r long and short bolts respectively. For y ie ld  range tightening, the angles 
were 150° (long) and 40° (short).
The gradient o f the shank disp1acement-tension re lationship (Figure 5.3) 
was determined in  order to  deduce the jo in t deflections (discussed in  Chapter 
th ree). The curve also gave a clear ind ication of the precise point a t which 
y ie ld  occurred (due to  elongation o f the b o lt shank).
The torque-angle curves were p lo tted , p rin c ip a lly  to  establish the 
performance of gradient controlled tightening and to  establish the y ie ld  point 
of the b o lt. In order to  do th is  the gradient characteristic was determined.
The maximum gradient was recorded and a t the point where the gradient f e l l  to  
h a lf its  maximum value, the torque and angle points were id e n tifie d  and the 
corresponding b o lt tension recorded (th is  technique was discussed in  section
2.4). The key points are id e n tifie d  in  Figure 5.4.
The information from Figures 5.1 -  5.4 are tabulated fo r each tes t 
configuration in  Appendix 7. For a typ ica l b o lt te s t, a set o f data is  
contained in  Appendix 8.
5.1.1 Derivation of Gradients
The gradients o f the 's tra ig h t lin e  parts ' of the relationships were 
established using a 'Least Squares' analysis of the data between two a rb itra ry  
points. Inspection of the fam ily o f curves suggested tha t a suitable minimum 
c u t-o ff po int was 10 kN, since a t th is  b o lt tension the jo in t members were
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properly seated. The upper lim it was chosen a t 45 kN since a t th is  value the 
bolts s t i l l  behaved e la s tic a lly . In fa c t, the gradient was not sensitive to  
the choice of the cu t-o ff points, provided they were w ith in  the linear range.
5.1.2 Calculation of Instantaneous Gradient
The calculation of the instantaneous gradient of the torque-angle curve 
shown in  Figure 5.4 was required to  establish the shut-off c rite rio n  fo r the 
'Y ie ld Controlled' tightening method. This problem has been considered by SPS 
Technologies, since th e ir 'Jo in t Control System' (19, 21) computes the torque 
gradient from measurements of the applied torque and ro ta tion  of the nut 
re la tive  to the jo in t, and detects when i t  has dropped s ig n ifica n tly  below 
the maximum value. This s ig n ifica n t drop in  the torque gradient value is  
associated w ith the y ie ld  point of the b o lt. However, in  practice the 
s itua tion  is  more complex. The torque-angle curve is  'n o isy ', due to 
s tic k -s lip  and other e rra tic  e ffects including experimental scatter because of 
s lig h t inaccuracies in  the measuring transducers. To solve the e rra tic  
gradient resu lts , SPS chose a f in ite  chord length, typ ica lly  10°, over which 
the gradient was measured by the f in ite  d iffe re n tia l calculated from the 
measured torque and angle as shown in  Figure 5.5. By making these chords 
overlap i t  is  possible to  measure the gradient in  f in ite  steps along the 
en tire  torque-angle curve. However, th is  technique has two s ig n ifican t 
shortcomings. F irs t, the chords are drawn point to  po in t, and therefore 
ignore the contribution o f the data between the chordal points. Second, 
although the method is  acceptable fo r the linear portion o f the curve, i t  is  
not sensitive to  rapid changes of gradient a t the y ie ld  point where most 
accuracy in  the value is  required.
There are two improvements which can be made to  reduce the errors in  the 
gradient sensing con tro lle r. The f i r s t  is  to  f i t  a polynomial instead of a 
s tra igh t lin e  to  the data of the form:
y  = a + bx  + c x 2 + d x 3 + . . . .
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The Chordal G radient Method used to  Reduce Noise FIGURE 5.5
'Least Squares' F it Method to  determine the Torque FIGURE 5.6
Gradient showing Max. and Min. Gradients
Nut R o t a t i o n  (deg)
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This has the advantage tha t during the re la tiv e ly  linear portion of the curve 
the higher order coeffic ien ts {c , d f . . . )  w ill tend to  zero, reverting to  a 
stra igh t lin e  f i t  o f the form:
But a t the y ie ld  point where the curve is  non-linear, the higher order terms 
w ill contribute to  the gradient determination, and thus make a more accurate
The second improvement is  to f i t  a least squares analysis to  the 
experimental data. This has the advantage tha t spiked points w ill tend to  be 
evened out, especially i f  the chordal length is  increased, and a better 
representation of the true data w ill re su lt.
The 'noise' in  the torque-angle curve is  due prim arily to  the small 
uncertainties in  the torque and angle transducers. Figure 5.6 shows the 
errors in  the slope superimposed on the experimental data points. A 'best 
f i t '  lin e  is  drawn through the mean points, and the varia tion  in  the slope 
(error) determined from:
Increasing the number of points (n) reduces the varia tion  in  the gradient. 
However, fo r th is  pa rticu la r te s t series there is  no s ig n ifica n t improvement 
in  gradient accuracy by increasing the number of data points to  more than 12, 
w h ils t below about 5 points, the error is  substantial. Using the estimated 
scatter about the mean gradient, confidence lim its  can be drawn on to  the 
gradient curves. For these tests , seven points were found to  be appropriate 
fo r the gradient calcu lation. Figure 5.7 compares the SPS technique to  the 
improved method using least squares analysis. Increasing the number of points 
c le a rly  reduces the scatter, but affects the se n s itiv ity  to  the gradient 
change and an optimum number of points has to be chosen.
y  = a + bx
assessment of the instantaneous gradient.
[ 5 . 1 ]
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Clearly, there is  an improvement over the SPS method in  ascertaining the 
y ie ld  point of the jo in t, when using these refinements, and fo r the analysis 
o f the experimental resu lts , th is  improved technique w ill be u tiliz e d .
5.1.3 Analysis of Variations
Experimental resu lts which have s ig n ifican t te s t to te s t varia tions, such 
as the data presented in  th is  thesis, must be treated in  order to  derive an 
estimate of the varia tion . Furthermore, since the number of tests per 
experiment was re la tiv e ly  small, some s ta tis tic a l treatment was required to  
estimate the characteristics of a larger te s t population. However, fo r the 
data to  be s ta tis tic a lly  analysed the data must be 'homogeneous', tha t is , 
every te s t in  the same series must be of the same kind. Reproducing iden tica l 
te s t conditions as fa ith fu lly  as possible helps to reduce the variations due 
to  te s t procedure and technique.
The technique of estimating variations in  experimental data is  to  assume 
tha t the data can be approximated to  a standard d is trib u tio n , ty p ic a lly , the 
'Normal' d is trib u tio n . In th is  case, the d is trib u tio n  around the mean can be 
estimated from the standard deviation o f the resu lts . However, i t  is  
necessary to  assess whether the data is  normally d is trib u te d .. Weibull p lots 
(Appendix 9) provide a graphical technique of evaluating the d is trib u tio n  of 
the experimental data. The p lo ts are drawn w ith both axes plotted to  a log 
scale. Along the horizontal axis is  p lotted the p robab ility  rank number 
scaled from 0.1 to  99.9 and along the ve rtica l axis is  p lotted the parameter 
being analysed, fo r example b o lt tension.
The data points are plotted and a least squares f i t  lin e  is  applied to  
the points. The corre la tion co e ffic ie n t establishes how well the data can be 
approximated to  a Normal d is trib u tio n  (a coe ffic ien t greater than 0.95 
indicates good f i t ) . Furthermore, assuming tha t the data is  normally 
d istribu ted then the slope o f the lin e  is  a measure of the d is trib u tio n  of the 
data around the mean, and thus, from the re la tive ly  small te s t sample an
estimate of the scatter fo r a percentage of a ll bo lts , can be determined. For 
th is  experimental work, variations in  data were determined fo r 95% of bo lts of 
the parent population.
As described, the real usefulness of Weibull p lots is  tha t the 
d is trib u tio n  can be transformed to  a s tra ig h t lin e  p lo t which represents the 
scattered data.
5.2 General Discussion
5.2.1 Torque Relationships
As previously discussed (Section 2.2.1), the torque applied to  the nut 
comprises three components. Table 5.1, which quantifies the d is trib u tio n  of 
the applied torque, shows tha t fo r a typ ica l jo in t configuration only about 
13% of the applied torque creates axia l tension in  the b o lt, w h ils t over 50% 
is  required to  overcome fr ic tio n a l resistance a t the nut bearing face.
Table 5.1 -  D is tribu tion  of the Applied Torque 
Test Type: Long Bolts -  Unplated
Torque Component Thick Washers Thin Washers
Tension b o lt 14.2% 12.5%
Thread fr ic tio n  31.2% 25.3%
Bearing face fr ic t io n  54.6% 62.2%
Since such a large proportion of the applied torque is  required to  overcome 
fr ic t io n  a t both interfaces (typ ica lly  85%), the torque-tension re lationship 
is  very susceptable to  changes in  the fr ic t io n  conditions. For example, a 10 % 
increase in  the torque absorbed a t the nut bearing face reduces the b o lt 
tension by 13.5 % a t the same nominal torque. S im ilarly, a 10% increase in  
the torque required to  overcome fr ic t io n  a t the threads, reduces the b o lt
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tension by 8%. Hence, fo r a typ ica l d is trib u tio n  (Table 5.1) , the 
torque-tension re lationship is  influenced more by fr ic tio n  variations at the 
nut bearing face than a t the threads. . .
W hilst the relationships between displacement, angle o f ro ta tion  and 
induced tension behave ty p ic a lly  as shown in  Figures 5.2 -  5.4, the torque 
relationships are subject to other varia tions. Up to  the y ie ld  po int.the 
fam ily o f curves can be divided in to  three main groups (Figure 5.8) :
a) Linear Relationship -  tests behaving lin e a rly  up to  the y ie ld  point 
indicating tha t the geometry and fr ic t io n  conditions remain e ffe c tive ly  
constant throughout the te s t.
b) Non-linear Relationship -  in it ia l ly  tests behave lin e a rly , then exh ib it 
non-linearity as the torque-tension ra tio  increases, due to  increasing 
fr ic tio n  a t the nut bearing face.
c) Step Relationship -  tests tha t are in it ia lly  linear,, but then subject to  a 
step in  the re lationship followed by another linear pa rt, but a t a 
d iffe re n t gradient. This is  due to  re la tive  ro ta tion  between nut and 
jo in t changing from one interface to  another.
Tests tha t are non-linear below the y ie ld  point are associated w ith a linear 
shank torque gradient but non-linear bearing face torque relationships. From 
equation [2 .3 ], the bearing face torque gradient is :
dT-j =yi = ju r  dPa n n
Although the e ffective  bearing radius may a lte r s lig h tly  as the tension 
increases, due to  deflections of the in terface, i t  is  not possible fo r i t  to 
change s u ffic ie n tly  to  re su lt in  an increase in  gradient o f up to  30 %. The 
only cause fo r the apparent increase must be due to  a changing fr ic tio n  
co e ffic ie n t.
C lassical studies on F ric tion  (Amontons -  1699) proposed tha t the 
fr ic tio n a l force is  independent of the apparent area of contact and is  
proportional to  the load and more im portantly, the coe ffic ien t o f fr ic t io n  is
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independent of applied load. More recent work by Bowden and Tabor (82) showed 
tha t the fr ic tio n a l resistance between two surfaces (Figure 5.9) is  the sum of 
a shearing component and ploughing term (Appendix 10). The e ffe c t o f the load 
is  to  cause yie ld ing of the asperities which have made contact. This gives 
rise  to  the shearing term which is  required to  break the junctions, before the 
surfaces can move re la tive  to  each other. An additional force is  required to  
displace the material in  fro n t o f the asperities, which gives rise  to  the 
ploughing term. Bowden and Tabor indicated tha t where the depth of 
indentation was small, the ploughing term may be neglected, so tha t the 
fr ic tio n a l force consists o f only the shearing term (S ):
F = S = At l
where A^ is  the true area o f contact and T, is  the shear strength fo r the 
softer m aterial. Hence, the fr ic tio n a l coe ffic ien t is  defined as:
ju -  -  -  -
w "  °y
Thus, th is  confirms both Amontons f i r s t  and second laws on fr ic tio n . However, 
where the depth of indentation (due to  high loads) is  not small, the 
fr ic tio n a l force w ill include the ploughing term and the coe ffic ien t w ill not 
be independent of the applied load:
F ~ S + P = A ,T> + A o
t  y
Inspection of the nut and washer interface shows tha t high bearing 
stresses can cause excessive indentation and scoring o f the surfaces (see 
Plate 4a), which w ill s ig n ifica n tly  e ffe c t the fr ic tio n  co e ffic ie n t. For 
concentric assemblies (Figure 5.10) the area of contact is  larger, and 
assuming tha t the pressure in te ns ity  a t the inner edge is  not excessive, then 
the loads w ill not cause large indentation. However, eccentric ity  of the 
mating surfaces causes the area to  reduce (by up to  30% w ith normal washers) 
which w ill increase the stress over the bearing area. Since standard washers
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(BS 4320) fo r M12 bolts have an in te rna l diameter of 13.4 mm (max), 
eccentric ity  of the surfaces w ill occur in  practice. Tests were undertaken 
w ith a brass sleeve to  minimize the eccen tric ity  of. the nut-washer interface 
(Figure 4.4). The te s t resu lts indicate tha t the concentric assembly reduced 
the non-linearity in  the torque-tension relationship and reduced surface 
damage a t the in terface.
The tests have shown tha t deterioration of the bearing face can 
s ig n ifica n tly  increase the fr ic t io n  coe ffic ien t (up to  30 % increase). The 
deterioration is  induced by surface imperfections and by excessive bearing 
stresses. Increasing fr ic t io n  a t the nut-washer interface can cause re la tive  
ro ta tion  to  change to  the other in terface (washer-joint) causing a step in  the 
torque gradient. Referring to  Figure 5.11, re la tive  ro ta tion  is  transferred 
from AA to  BB because deterio ration of the bearing surfaces a t AA increases 
the bearing face torque to  a value su ffic ie n t to  break s ta tic  fr ic tio n  a t BB. 
For standard nuts and washers the e ffective  fr ic tio n  radius is  approximately 
15% larger a t BB than a t AA. I t  follows tha t the torque absorbed a t BB w ill 
be 15% greater than the torque absorbed a t AA. Thus, the choice of in terface 
a ffects the amount o f torque absorbed a t the bearing face.
For a ll bo lts the te s t to te s t variations in  the shank torque were less 
than tha t fo r the bearing face torque. For a typ ica l jo in t configuration, the 
scatter in  the shank torque-tension gradient was ± 9%, w h ils t fo r the bearing 
face torque-tension gradient, the varia tion  was ± 13%. This is  because the 
geometry a t the thread interface cannot ra d ica lly  change, and considering the 
tolerances in  the threaded connection gives a maximum varia tion  in  the 
e ffec tive  fr ic tio n  diameter o f only ± 2%.
5.2.2 Effects o f Surface Treatment
Surface treatment o f the bolt-nut-washer a lte rs  the fr ic t io n  conditions 
a t the interfaces. Since the torque-tension re lationship is  highly sensitive 
to  fr ic t io n  changes, surface treatment affects the proportion of the applied
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torque absorbed in  overcoming fr ic tio n . The e ffect of surface treatment on 
the torque gradients is  quan tita tive ly  given in  Table 5.2.
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Table 5.2 -  Effects o f Surface P lating on Torque Gradients
Test Type: Long Bolts -  Thin Washers
Plating
Finish
Torque
Gradient
Shank Torque Bearing Face Torque 
Gradient Gradient
Unplated
Zinc
Cadmium
2.22 Nm/kN
2.04
1.87
0.77
0.78
1.05
0.95
0.83 Nm/kN
1.27
1.09
1.51
1.36
1.39 Nm/kN
Hard Chromium 2.56 
Bright Chromium 2.31
The tests indicate tha t zinc and cadmium plating of the nut and b o lt reduces 
the torque-tension gradient, and hence increases the mean tension a t the same 
nominal torque. The e ffec t of chromium p la ting is  to  increase the fr ic tio n  
coe ffic ien t between the mating surfaces and hence reduce the induced tension 
a t the nominal applied torque.
Furthermore, since fr ic t io n  a t the threads induces shear stresses in  the 
b o lt, the magnitude of the fr ic t io n  coe ffic ien t w ill a ffe c t the tension a t 
which the b o lt yie lds due to  the combined stresses -  equation [2.10]. Table
5.3 shows the e ffec t of p la ting  on the y ie ld  stress of a group of bolts from 
the same manufacturing batch. C learly, p la ting finishes which tend to  lower 
th e ,fr ic tio n  a t the threads, increases the tension a t which the b o lt y ie lds, 
w h ils t high fr ic tio n  increases the shear stresses and reduces the axia l 
tension a t y ie ld . However, the e ffe c t is  not s ig n ifica n t since a 44% increase 
in  thread fr ic tio n  only reduces the b o lt tension a t y ie ld  by 5.5%. Thus, 
although shear stresses reduce the tensile  y ie ld  stress, b o lt to  b o lt 
va ria tion  in  the shank torque has neglig ib le  e ffec t on the b o lt tension at 
y ie ld .
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Table 5.3 -  E ffect o f p la ting on Tension a t Yield 
Test Type: Long Bolts -  Thin washers
Plating Tension a t Yield Thread F ric tion
Finish (kN) %change tt % change
Unplated 59.4 0.09
Cadmium 60.7 + 2.0% 0.07 -  22%
Hard Chromium 56.1 - 5.5% 0.13 + 44%
Bright Chromium 57.8 - 2.7% 0.11 + 22%
5.2.3 Jo in t S tiffness
The overall jo in t s tiffness affects the re la tive  deflections of the b o lt 
and jo in t. 'S o ft' jo in ts  require more nut ro ta tion  than 'hard' jo in ts  to  
induce a given b o lt tension (Figure 5.12)
Regarding the tightening characteristics, so ft jo in ts  give better 
performance of angle related tightening techniques fo r they provide more 
la titude  in  the angle measurement. For the same increment of nut ro ta tion , 
there is  a smaller increment in  b o lt tension w ith so ft jo in ts  than fo r hard 
jo in ts . For example, a 5° tolerance in  the tightening angle resulted in  a 
2 kN varia tion  in  b o lt tension in  the linear portion fo r the long b o lt tests 
w h ils t fo r short bo lts the varia tion  was 6 kN. Furthermore, taking bo lts in to  
y ie ld .th a t have a long g rip  length allows more p las tic  deformation than fo r 
short bolts before fa ilu re .
5.2.4 Washer Type
The type of washer used in  the assembly influences the behaviour of the 
nut bearing face torque, and thus affects the applied torque gradient. Table
5.4 summarizes the e ffe c t o f d iffe re n t washers on the torque relationships. 
Thin washers (form D -  BS 4320) tended to  deform under the bearing load and 
were more lik e ly  to  cause a change in  the ro ta ting  in terface.
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, Table 5.4 -  E ffe c t o f Washer Types on Torque G radients
Test Type: Short Bolts -  Unplated
Washer
Type
Applied Torque 
Gradient (Nm/kN)
Bearing Face Torque 
Gradient (Nm/kN)
Thick
Thin
Hardened
1.96 ± 12.8% 
2.20 ± 13.6% 
2.13 ± 9.4%
1.34 ± 14.1%
1.07 ± 13.2%
1.23 ± 8.3%
As a consequence of th is  deformation, the scatter in  the bearing face torque 
was high. Thick washers (form A -  BS. 4320) did not deform to  the same extent 
as the th in  washers and were less susceptible to surface damage and changing 
in terface. Although the scatter in  the torque gradient was better than fo r 
th in  washers, the scatter was s t i l l  s ig n ifica n t and deterioration of the 
in terface did occur p a rticu la rly  a t the end of the tightening cycle (high 
bearing loads). Furthermore, both types of washers caused eccentric ity  o f the 
mating surfaces which am plified surface damage and torque scatter. The use of 
special hardened washers (s lig h tly  th icker and w ith a closer in te rna l 
diameter, heat treated and faces ground) s ig n ifica n tly  reduced the varia tion  
in  the torque absorbed a t the in te rface, reduced surface damage due to  high 
bearing loads (see plate 4b) and maintained re la tive  ro ta tion  a t the same 
in terface. Hence, the use o f hardened washers gave more consistent fr ic t io n  
conditions a t the nut bearing face.
5.2.5 Yield Considerations
Yield can occur in  any one o f three regions: threads stripp ing , across 
shank, or across the b o lt core of the threads. Inspection of the curves 
(Figure 5.13) shows tha t y ie ld  is  associated w ith an increase in  axia l 
displacement, increased nut ro ta tion  and increased shank ro ta tion . I f  
stripp ing of the threads had occurred then i t  would not be associated w ith a 
larger increase in  axia l displacement or shank ro ta tion . Since the area over
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the core is  approximately 30% less than the area across the unthreaded shank, 
then y ie ld  must occur in  the core.
Yield causes increased extension of the b o lt shank and increase in  tw is t 
in  i±ie b o lt core due to  the reduction in  torsional r ig id ity . Since y ie ld  w ill 
not a lte r the fr ic tio n a l resistance a t the threads and under the nut, i t  w ill
not s ig n ifica n tly  influence the torque relationships. In fa c t the torque
remained reasonably constant a t y ie ld  since the tension does not increase 
substan tia lly .
5.3 The Deflections of the Jo int
The te s t apparatus measures two displacements of the jo in t as the b o lt is  
tightened: shank displacement and nut ro ta tion . The shank displacement 
comprises:
a) extension of the b o lt shank, including engaged part,
b) deflection of the b o lt head, and
c) deflection of the jo in t re la tive  to  the displacement transducer.
Hence, the shank displacement channel records:
where k is  a constant, determined in  Appendix 11. For the short b o lt 
transducer, the deflection of the jo in t re la tive  to  the te s t apparatus can be 
ignored { k = 0) due to  arrangement o f the transducer mounting. For the long 
b o lt transducer (see Appendix 11):
The second channel recording displacement is  the nut ro ta tion  
measurement. The observed nut ro ta tion  includes the tw is t in  the b o lt shank 
which must be subtracted to  derive the actual nut ro ta tion . From [2 .5 ]:
[ 5 . 2 ]
k = 0 . 56 [ 5 . 3 ]
360
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a) deflection of the threaded connection
b) shank extension
c) b o lt head deflection
d) compression of the jo in t 
So th a t:
6 = 6 , 6 , + 67 -f 6 [ 5 . 4 ]t sh h p
Subtracting equation [5.2] from [5.4] and substituting equation [3.7] gives:
6 -  AZ = ft +  6 +  ( 1  _  k) 6  [5 ,5 ]
th n p
Assuming tha t the compression rate o f the jo in t parts (transducer) is  
linear and repeatable, then the varia tion  of equation [5.5] must be associated 
w ith the deflections of the threaded connection. Table 5.5 shows comparison 
between the experimentally derived component deflections and the value derived 
from theoretica l considerations.
From equation [3 .11 ], the  to ta l displacem ent o f the  jo in t  com prises:
Table 5.5 -  Deflections of the Test Joint
Test Type: Unplated bolts
Deflection Short B olt Configuration Long B olt Configuration
Component Calculated Derived Calculated Derived
mm/kN mm/kN mm/kN mm/kN
x 10 ~4 x 10 ~4 x 10 ~4 x 10 ~4
Clamped Parts 12.8 - 39.4
Thread Flanks 3.65 n1 3.65 nI
Nut Body 0.87 J1 5.06 0.87 J| 6.09
Bolt Head 3.08 -j 3.08 -i
Engaged Shank 2.05 -J 10.9 2.05 J 10.33
Bolt Shank 20.5 56.5
Overall 42.9 49.3 105.5 112.3
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Test Type: Zinc bolts
Deflection Short Bolt Configuration Long Bolt Configuration
Component Calculated Derived Calculated Derived
Table 5.5 (contd.)
mm/kN 
x 10“ 4
mm/kN 
x 10“ 4
mm/kN mm/kN 
x 10~4 x 10"'
Clamped Parts 12.8 - 39.4
Thread Flanks 3.65 n 3.65
4.35 1 6.73
Nut Body 0.87 J 0.87 J
Bolt Head 3.08 n 3.08
10.98 J 10.33
Engaged Shank 2.05 •J 2.05
Bolt Shank 20.5 — 56.5
Overall 42.9 48.6 105.5 113.4
Table 5.5 indicates tha t the values fo r the deflection of the threaded 
connection and the b o lt head are of the same order o f magnitude as the values 
calculated from equations derived in  Chapter Three. The te s t results show 
tha t the jo in t is  approximately 15 % (short b o lt jo in t) and 7% (long b o lt 
jo in t) more fle x ib le  than calculated from equation [3.11].
For the long b o lt configuration the deflections of the threaded 
connection and the b o lt head represent 15% of the overall de flection, w h ils t 
fo r the short b o lt configuration, the deflections represent 32% of the overall 
deflection. Hence, p a rticu la rly  fo r short b o lt lengths (re la tive  to  diameter) 
the deflections of the threaded connection and b o lt head contribute a 
s ig n ifican t proportion to  the overall deflection.
The to ta l deflection of the threaded connection and the b o lt head are 
comparable fo r both the long and short b o lt tes t configurations. Furthermore, 
the deflections derived from the te s t results fo r zinc plated and unplated 
bolts are of s im ilar magnitude.
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The theoretical basis of the tightening methods tha t are described in  
Chapter Two are s ig n ifica n tly  affected by a number of p ractica l factors. 
Consequently the performance and accuracy of these methods must be reviewed in  
the lig h t o f these practica l considerations. Table 5.6 summarizes the 
performance of the tightening methods.
Table 5.6 -  Accuracy of D iffe ren t Tightening Methods
Test Type: Long Bolts -unplated -  th in  Washers
Tightening Method Tension (kN) Accuracy (95% lim it)
5.4 Performance o f D iffe re n t T igh ten ing  Methods
Torque Control 40.4 ± 11.3%
Angle -  E lastic Range 37.4 ± 14.3%
-  Yield Range 61.1 ± 4.9%
Gradient -  Y ield 59.4 + 4.8%
C ontrolling the induced b o lt tension by measuring the torque applied to 
tighten the jo in t is  the most widespread production technique in  use today.
The basis of the technique is  tha t the re lationship between the applied torque 
and tension is  linear and predictable. The experimental work, conducted under 
laboratory conditions and using a pa rticu la r jo in t configuration, has shown 
tha t in  general the re lationship is  line a r, but i t  can be subject to  
non-linearity  due to  changing interface geometry and fr ic t io n  conditions -  
p a rticu la rly  a t the nut bearing face. Maintaining a repeatable and concentric 
assembly between the nut and washer reduces changes in  geometry and helps to  
prevent deterioration of the mating surfaces and a consequent increase in  
fr ic tio n . The repea tab ility  in  the torque-tension gradient is  increased when 
using ground hardened washers since the deterioration of the surfaces is  
reduced and a more consistent fr ic t io n  coe ffic ien t resu lts. P lating of the
nut and b o lt also affects the fr ic t io n  a t the threads and the nut and 
allowance must be made fo r th is  when specifying the tightening torque required 
to  induce a pa rticu la r preload.
Measuring the angle through which the nut is  turned re la tive  to  the b o lt 
provides control over the the resu lting  b o lt tension. However, in  practice, 
the angle c rite rio n  must be measured from some datum po in t. This requires the 
jo in t to  be tightened to  some snug position which has drawn the components 
together. Even w ith the same jo in t components, the varia tion  in  the snug 
position is  large, and the uncertainty in  the point requires a high in it ia l 
tightening torque, which reduces the accuracy of the method, since the tension 
a t th is  torque w ill be influenced by the torque-tension gradient. Table 5.7 
summarizes the variations in  the snug position.
Table 5.7 -  Variation in  Snug Position
Test Type: Unplated bolts
Jo in t Configuration Snug Position % of overall ro ta tion  to
Yield
Long bolts 30° ± 97% 16%
Short bolts 19° ± 63% 25%
Furthermore, the variations in  the angle-tension gradient are s ig n ifica n t, 
mainly due to  variations in  the s tiffness of the threaded connection 
(pa rticu la rly  fo r short bolts) and extension rate of the b o lt. Because o f 
uncertainties in  the snug position and the angle-tension gradient, tightening 
a jo in t using the angle method does not provide any increase in  accuracy over 
torque control unless the angle is  s u ffic ie n tly  large to take the b o lt in to  
y ie ld . In th is  region, because the tension is  essentia lly constant, the 
uncertainties in  the angle measurement and gradient give a la te ra l tolerance 
in  the fin a l angle tha t is  accommodated by the essentia lly constant tension.
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P lastic range tightening provides good control over the induced b o lt tension, 
although the b o lt may be subjected to  excessive yie ld ing .
Gradient controlled tightening techniques constitute a re la tiv e ly  new 
method of tightening bolted jo in ts . The performance of the y ie ld  controlled 
technique developed by SPS is  dependent upon the method used to  calculate the 
gradient. I t  has been shown tha t adopting a method based on a 'Least Squares' 
technique provides better s e n s itiv ity  to  the gradient change, than by using 
the chordal method. The fin a l tension in  the jo in t is  attained a t the point 
where the b o lt ju s t begins to  y ie ld . However, the y ie ld  point is  not ju s t 
dependent on the axia l stress in  the b o lt, but also on the shear stresses 
largely induced by the thread fr ic tio n . However, variations in  the thread 
fr ic tio n  (due to 'b o lt to  b o lt' variations or d iffe re n t p la ting  finishes) do 
not s ig n ifica n tly  a ffec t the tension a t y ie ld . Yield controlled tightening 
provides good accuracy in  tension contro l, though allowances must be made fo r 
two important considerations. F irs t, i t  must be realised tha t the shear 
stresses, due to the shank torque, reduce the tensile  y ie ld  stress by 
approximately 15 %. Second, the tension a t y ie ld  is  a function of the 
material properties of the b o lt, which is  controlled by'the fastener 
manufacturer and can vary from batch to  batch (B ritish  standards only specify 
a minimum y ie ld  s tress). Table 5.8 indicates the varia tion  in  y ie ld  stresses 
fo r the same grade of b o lt, but o f d iffe re n t manufacturing batches.
Table 5.8 -  Variation in  Yield Stress
Four d iffe re n t batches of bo lts -  Grade 8.8
Bolt Batch Y ield Stress (axial) Y ield stress
(combined)
long bolts -  Zinc plated
-  Unplated 
Short bo lts -  Zinc plated
-  Unplated
705 N/mm2 799 N/mm2
652
662
692
728
763
774
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Hence, careful attention must be paid to  maintaining repeatable y ie ld  stresses 
fo r the b o lt. However, the tests have shown tha t th is  method provides a very 
accurate method of obtaining repeatable b o lt tension.
The other method of gradient control measures the gradient o f the 
torque-angle curve and from p rio r knowledge of the angle-tension gradient i t  
can deduce the optimum torque c rite rio n  to  resu lt in  the required b o lt 
tension. The technique re lie s  on the assumption tha t the gradient between the 
angle and tension is  repeatable fo r a given assembly. The tests have shown 
tha t even when the same jo in t components are used, the repea tab ility  of the 
gradient is  not good due to  variations in  the stiffness of the threaded 
connection and extension rate of the b o lt.
The performance o f the tightening methods are affected by a number of 
p ractica l factors which influence the control of b o lt tension. The selection 
of a pa rticu la r tightening method is  dependent on a number of parameters.
Where the required accuracy is  o f paramount importance, the use of torque 
control may be lim ited . With jo in ts  tha t do not require frequent dismantling, 
i f  a t a ll,  p las tic  range angle control tightening w ill provide high accuracy 
in  the resultant tension. Where high accuracy and re-assembly are required 
gradient controlled tightening (yield) provides good control o f b o lt tension. 
However, where reasonable accuracy is  desired (± 10%), then torque control 
w ill be most suitable since the method provides reasonable accuracy, combined 
w ith ease of use, low cost and the fa c t tha t no preset information is  
required.
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I t  is  improbable tha t there w ill be any future developments to  control 
b o lt tension that use some characteristic of the fastener as i t  is  tightened 
{ i.e . angle -  tension -  applied torque re la tionsh ips), since a ll possible 
lines of development have been exhausted. However, there are p o s s ib ilitie s  in  
the design of load indicating devices which can be incorporated in to  a bolted 
jo in t. In th is  context there are two types of load indicating device 
currently available to  indicate the preload in  a bolted jo in t: load indicating 
washers and load indicating bo lts .
Exotech Ltd. (83) has recently patented a design scheme fo r a load 
indicating b o lt. I t  is  physically s im ila r to  the 'Rotabolt' (26) in  tha t i t  
incorporates an unstressed pin which is  located a x ia lly  in  a central d r illin g  
down the b o lt. However, the method is  fundamentally d iffe re n t, in  tha t i t  
re lie s  on the pin being free to  rota te u n til y ie ld  occurs in  the b o lt, which 
reduces the diameter o f the central hole, so pinching the gauge pin (see 
Figure 6.1). I t  is  envisaged tha t a tightening too l would incorporate a 
device in  the too l head to  indentify  the point a t which the pin can no longer 
ro ta te . However, the commercial and practica l v ia b ility  o f th is  scheme has 
yet to  be proven. Furthermore, the specia lis t nature of the system and the 
requirement fo r precision manufacturing tolerances w ill make the component 
cost high.
From a production viewpoint, load indicating bolts (discussed in  Section
2.5) are not generally acceptable. Although accuracies of ± 5% can be 
attained w ith load indicating bo lts (26), th e ir use in  the fie ld  is  lim ited 
due to  high cost and application problems. However, the concept o f a load 
indicating washer (LIW) is  a more a ttra c tive  proposition to  manufacturing 
industry. The specification o f LIW's w ill not require special bolts or any 
pa rticu la r design modifications. Furthermore, the u n it cost is  lik e ly  to  be
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Arrangement of Load Indicating Bolt Developed 
by Exotech (83)
FIGURE 6.1
UNLOADED
BOLT
engaged thread
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Market Survey
A survey was undertaken in  order to  establish market requirements fo r 
b o lt tightening methods. A questionnaire was prepared to  ascertain the 
fo llow ing:
-  What methods are most commonly used to  control the tension in  a bolt?
-  What accuracy in  the resu ltant tension is  generally required?
-  Would designers consider specifying the use of a load indicating washer? 
The questionnaire was sent to  those responsible in  manufacturing industry fo r 
the design or assembly specification of bolted jo in ts . The companies were 
selected from entries in  'Kompass1(84). One hundred and seventy 
questionnaires were sent and a to ta l of s ix ty  one rep lies were received fu lly  
completed. 37% of replies were from companies associated w ith the automotive 
industry, 23% from a irc ra ft industries, 19% from industries involved in  
electronics and the remainder from lig h t and structura l engineering and 
shipbuilding. This represented a fa ir ly  wide range of bolted jo in t 
applications.
From the resu lts the follow ing was concluded. Torque is  the most 
predominantly used method to  control b o lt tension (64 %), followed by angle 
control (16%), elongation measurement (11%) and y ie ld  controlled systems (9%). 
The required accuracy in  the resu ltant tension ranged from ± 5% to ± 30%, 
although fo r 82% of applications an accuracy of only ±10% was s u ffic ie n t. I t  
was s ig n ifica n t tha t over 75% of the companies indicated tha t they had 
problems atta in ing the required accuracy in  b o lt tension. Hence, there is  
scope fo r improvement.
Regarding LIW's, nearly 2/3 o f the designers indicated tha t they would 
consider specifying the use of a LIW provided tha t:
-  i t  was compatible w ith elevated temperatures,
-  there was su ffic ie n t space fo r its  use,
less than fo r  load in d ic a tin g  b o lts .
-  low overall component cost, and
-  speed of use.
The main objections to  the use o f a LIW were:
-  anticipated cost (both component and assembly), and
-  increase in  the number of components per assembly.
The main conclusions from the survey were as follows: high accuracies are not 
generally required (± 10% is  s u ffic ie n t fo r most applications), and provided 
tha t a number of design specifications can be met, then a LIW would be 
suitable fo r a large number of applications.
6.2 Design Specification fo r a LIW
A LIW fo r use in  general engineering and mass production applications 
should incorporate the follow ing characteristics:
a) The use of the washer should not in  any way be detrimental to  the
performance of the jo in t under operating conditions and external loading.
b) The washer should indicate when the specified tension has been attained 
and idea lly  indicate i f  th is  tension has been exceeded, to  prevent 
overtightening o f the jo in t.
c) The washer must in  some way indicate the tension v isu a lly  or audibly.
This would enable the jo in t to  be tightened in  one cycle doing away w ith
the need to  make a check on the washer, fo r example w ith a fee ler gauge.
d) The washer must be cheap to  produce and available over a wide range of
b o lt sizes and fo r d iffe re n t grades of fastener.
e) The washer should indicate a b o lt tension of ± 5% of the specified value.
This accuracy would be superior to  torque control and comparable w ith 
y ie ld  control methods and the best of load indicating bo lts (Rotabolt).
6.3 The 'Coronet' Load Indicating Washer
The only LIW used in  th is  country is  the 'Coronet' load ind icator, which 
is  a specially hardened washer manufactured by Cooper and Turner Ltd (85).
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The washer has protrusions on one face (shown in  Figure 6.2) which bear 
against the underside of the b o lt head, leaving a gap. As the b o lt is  
tightened, the protrusions are flattened and the gap is  reduced. At the 
specified average gap, measured w ith a fee ler gauge, the shank tension w ill be 
w ith in  a predetermined range. This range is  between 1.00 and 1.15 times the 
proof load fo r the b o lt.
Tests were conducted to  investigate the performance o f these washers.
The location of the washer in  the te s t jo in t is  shown in  Figure 6.3. A 
hardened steel washer was placed between the LIW and the b o lt so tha t the 
protrusions would not embed in to  the b o lt head. The nut was rotated w h ils t 
the head was held captive in  the fix tu re . This assembly is  in  accordance w ith 
the recommendations of Cooper and Turner, w ith the exception of the use of the 
hardened washer. The tension was measured by the transducer incorporated in  
the te s t jo in t. Since i t  was desired to  examine the deflection 
characteristics of the washer over the tightening cycle, the gap deflection 
was continuously monitored w ith the Sony displacement transducer, instead of 
measuring i t  w ith a fee ler gauge. The same nut, b o lt and hardened washer were 
used fo r each of the tests. A typ ica l deflection characteristic is  shown in  
Figure 6.4. Ten washers were tested and each was tightened u n til the gap 
closed to  0.2 mm, so tha t the e ffec t o f overtightening could be investigated.
From the results o f the ten tests, a Weibull p lo t was drawn to  estimate 
the scatter in  the b o lt tension a t the recommended gap of 0.4 mm. From the 
p lo t (Figure 6.5), the scatter fo r 95% confidence lim its  was determined as ± 
1 1 . 2%.
Although the u n it cost of the Coronet washer is  re la tive ly  low (12p -  
16p), i t  does have some inherent disadvantages which make i t  unsuitable fo r 
production use. These are:
a) The method re lie s  on the use o f a fee ler gauge to  check the collapse of 
the washer and to indicate when the minimum tension has been reached.
This method is  tim e consuming and th e re fo re  i t  is  u n su ita b le  and too
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'C oronet' Load In d ic a tin g  Washer FIGURE 6.2
i
location of the 'Coronet' Washer in  the Test Joint FIGURE 6.3
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Typical Load -  Deflection Curve fo r 'Coronet' Washer FIGURE 6.4
B o l t  H e a d  D i s p l a c e m e n t  (mm )
Weibull P lot of Bolt Tension a t Specified 'Coronet' Gap FIGURE 6.5
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costly fo r general assembly and mass production,
b) The washers can only be used on surfaces tha t are perpendicular w ith the 
b o lt axis, otherwise irregu la r crushing of the washer w ill occur, causing 
inaccurate tension contro l.
Summarising the results o f the study, the Coronet washer provides 
reasonably accurate tension control (± 11%), although i t  does suffer from some 
serious inherent problems which make i t  unsuitable fo r general specification.
6.4 Design of a New Load Indicating Washer
The most serious problem w ith the Coronet washer is  the way in  which the 
tension is  indicated; i t  is  not p ractica l to  measure the gap w ith a fee ler 
gauge as the jo in t is  tightened. A new design was examined which came closer 
to meeting the requirements discussed in  section 6.2.
Chapter Two discussed the angle control method to  predetermine b o lt 
tension, and concluded tha t the method gives good results when the jo in t is  
tightened beyond the y ie ld  po in t, because the errors in  the snug position and 
the gradient determination are o ffse t by the re la tive ly  constant tension over 
a large bandwidth of angle ro ta tion . This work discusses the s u ita b ility  of 
including an element in to  the jo in t which behaves lik e  the b o lt under y ie ld  
conditions, but w ith the characteristic occurring a t a tension below the y ie ld  
po in t.
Disc springs (Figure 6.6) can have varying spring rate characteristics, 
simply by changing the geometry of the washer (ra tio  of cone height to  
thickness). However, a t a pa rticu la r value of th is  ra tio  (equal to  1.41) the 
load is  constant over a wide range of deflection (Figure 6.7). The classica l 
deflection analysis of disc springs, commonly given in  textbooks, is  that 
derived by Almen and Laszlo (86). They derived the load-deflection 
characteristic as:
4 E
P° ^ (T~'s)2) M~V2 - b ) ( h  -  0 . 5 b )  + t 2 ) [ 6 . 1 ]
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G e o m e try  o f  a  D is c  S p r i n g  FIGURE 6 .6
T h e o r e t i c a l  L oad -  D e f l e c t i o n  C h a r a c t e r i s t i c  f o r  a  D is c  FIGURE 6 .7
S p r in g  sh o w in g  t h e  f l a t  r a t e  R e sp o n se
D e f l e c t i o n  (-mm)
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w h e re  t h e  g e o m e tr ic  d im e n s io n s  a r e  g iv e n  i n  F ig u r e  6 . 6 . The c o n s t a n t  M i s  
g iv e n  b y :
To i l l u s t r a t e  t h e  c a s e  t a k e ,  f o r  e x a m p le , a  d i s c  s p r i n g  s u i t a b l e  f o r  M12 
b o l t s .  S e l e c t i n g  t h e  w a s h e r  d im e n s io n s  s o  t h a t  t h e  lo a d  i s  c o n s t a n t  a t  
a p p r o x im a te ly  70% o f  t h e  b o l t  p r o o f  lo a d  a n d  r e p l a c i n g  t h e  d e f l e c t i o n  b y  t h e  
n u t  r o t a t i o n  (from  e q u a t i o n  [ 2 .5 ] )  g i v e s  F ig u r e  6 .8  w h ic h  show s t h e  
t h e o r e t i c a l  t e n s i o n - n u t  r o t a t i o n  r e l a t i o n s h i p s  f o r  lo n g  a n d  s h o r t  b o l t s  w i th  
t h e  d i s c  s p r i n g  u n d e r  t h e  h e a d .  S in c e  t h e  w a sh e r  h a s  a  low  s t i f f n e s s  r a t e  
co m p ared  w i th  t h e  j o i n t  ( f o r  b o th  lo n g  a n d  s h o r t  b o l t s )  t h e  f l a t  p o r t i o n  a t  
70% o f  y i e l d  s t r e s s  o c c u r s  a t  r o u g h ly  t h e  sam e b a n d  o f  n u t  r o t a t i o n .  H en ce , 
t i g h t e n i n g  t h e  j o i n t  t o  a  s p e c i f i e d  n u t  r o t a t i o n  ( i n c lu d in g  t h e  p o r t i o n  
n e c e s s a r y  t o  b e d  t h e  j o i n t ) , g i v e s  e s s e n t i a l l y  c o n s t a n t  b o l t  t e n s i o n  
r e g a r d l e s s  o f  t h e  t y p e  o f  j o i n t .
6 .5  P r e l i m in a r y  E x p e r im e n ta l  Work
c h a r a c t e r i s t i c s  o f  a  d i s c  s p r i n g  -  i n  p a r t i c u l a r  t h e  b e h a v io u r  o f  t h e  f l a t  
r a t e ,  (2 ) r e p e a t a b i l i t y  o f  t h e  f l a t  r a t e  r e s p o n s e ,  a n d  (3) t h e  s u i t a b i l i t y  o f  
a  d i s c  s p r i n g  a s  a  lo a d  i n d i c a t i n g  w a s h e r  i n  c o n j n c t i o n  w i t h  a n  a n g le  r o t a t i o n  
g a u g e .
A s p r i n g  w i th  t h e  r e q u i r e d  g e o m e t r ic  d im e n s io n s  t o  s u s t a i n  a  t i g h t e n i n g  
lo a d  f o r  M12 b o l t s  w as n o t  a v a i l a b l e  ' o f f  t h e  s h e l f .  H e n ce , i t  w as 
n e c e s s a r y  t o  m a n u fa c tu re  a  p r e s s  t o o l  t o  fo rm  a  s p r i n g  w i t h  t h e  r e q u i r e d  
l o a d - d e f l e c t i o n  c h a r a c t e r i s t i c .  T he d i s c  s p r i n g  w as made o u t  o f  s p r i n g  s t e e l  
fo rm e d  i n  t h e  p r e s s  t o o l  t o  25° t o  a l lo w  f o r  t h e  memory o f  t h e  co m p o n en t, an d  
h e a t  t r e a t e d .
T he d i s c  s p r i n g  w as s i t u a t e d  u n d e r  t h e  b o l t  h e a d  u s in g  t h e  s h o r t  b o l t  
t r a n s d u c e r  c o n f i g u r a t i o n .  I n  t h i s  way t h e  n u t  w as t u r n e d  a n d  t h e  b o l t  h e a d
[6.2]
P r e l i m in a r y  t e s t s  w e re  c a r r i e d  o u t  t o  i n v e s t i g a t e :  (1) t h e  d e f l e c t i o n
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T h e o r e t i c a l  B o l t  T e n s io n  -  N u t  R o t a t i o n  R e l a t i o n s h i p  f o r  FIGURE 6 .8
B o l t s  w i th  a  D is c  S p r in g  u n d e r  t h e  Head
Nut R o ta t io n  (d e g )
M easu red  B o l t  T e n s io n  -  N u t R o t a t i o n  R e l a t i o n s h ip  f o r  FIGURE 6 .9
a  B o l t  T e s t  i n c o r p o r a t i n g  a  D is c  S p r in g  u n d e r  t h e  H ead
N ut R o t a t i o n  (d e g )
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re m a in e d  f i x e d  r e l a t i v e  t o  t h e  d i s c  s p r i n g .  A t y p i c a l  d e f l e c t i o n  
c h a r a c t e r i s t i c  i s  show n i n  F ig u r e  6 .9 .
6 .6  D is c u s s io n
T e s t s  w i th  t e n  d i s c  s p r i n g s  c o n f ir m e d  t h a t  i t  i s  p o s s i b l e  t o  i n t r o d u c e  a  
f l a t  r a t e  t o  t h e  t e n s i o n - a n g l e  r e l a t i o n s h i p ,  o v e r  w h ic h  t h e  t e n s i o n  i s  
c o n s t a n t  w i t h i n  l i m i t s .  F u r th e r m o r e ,  t h e  r e s p o n s e  i s  l a r g e l y  in d e p e n d e n t  o f  
v a r i a t i o n s  i n  sn u g  p o s i t i o n  s i n c e  t h e  r e s p o n s e  i s  c o n s t a n t  o v e r  a  w id e  b a n d  o f  
n u t  r o t a t i o n .
T he r e p e a t a b i l i t y  o f  t h e  f l a t  r a t e  r e s p o n s e  b e tw e e n  b o l t  t e s t s  w as 
e s t a b l i s h e d  u s in g  a  W e ib u ll  p l o t .  F o r  95% c o n f id e n c e  a t  t h e  s p e c i f i e d  a n g le  
o f  r o t a t i o n  t h e  m ean t e n s i o n  w as 2 3 .5  kN a n d  t h e  v a r i a t i o n  ± 15 .6% .
The v a r i a t i o n s  a r e  p r o b a b ly  d u e  t o  t h r e e  f a c t o r s ,  t h e  e f f e c t s  o f  w h ic h  
w e re  n o t  i n v e s t i g a t e d .  (1) The d i s c  s p r i n g  becom es u n s t a b l e  a t  t h e  s t a r t  o f  
t h e  f l a t  r a t e .  (2) I n s t a b i l i t y  o f  t h e  d i s c  s p r i n g .  The d e f l e c t i o n  i s  
s e n s i t i v e  t o  t h e  a n g u l a r i t y  a n d  e c c e n t r i c i t y  o f  t h e  b e a r i n g  f a c e  s u r f a c e s  
w h ic h  w i l l  b e  p r e s e n t  t o  some d e g r e e  i n  a l l  b o l t e d  j o i n t s  e s p e c i a l l y  a s  t h e  
b o l t  i s  t i g h t e n e d .  (3) V a r i a t i o n s  i n  h e a t  t r e a t m e n t .  I n  o r d e r  f o r  t h e  s p r i n g  
t o  d e f l e c t  t o  i t s  f l a t  c o n d i t i o n ,  y i e l d i n g  m u s t o c c u r  i n  t h e  s p r i n g ,  a n d  t h e  
e f f e c t  o f  t h i s  o n  t h e  lo a d  -  d e f l e c t i o n  r e s p o n s e  w i l l  b e  i n f l u e n c e d  b y  h e a t  
t r e a t m e n t .
P r e l i m in a r y  t e s t s  i n d i c a t e  t h a t  a  f l a t  lo a d  -  d e f l e c t i o n  r e s p o n s e  c a n  b e  u s e d  
i n  c o n j u n c t i o n  w i th  a n g le  c o n t r o l  t o  p r o v id e  a  m eans o f  c o n t r o l l i n g  b o l t  
t e n s i o n .  H ow ever, t h e  v a r i a t i o n  i n  t h e  c o n t r o l l e d  t e n s i o n  i s  t o o  h ig h  t o  
w a r r a n t  u s in g  t h e  d i s c  s p r i n g  i n  i t s  p ro p o s e d  fo rm  a s  a  L oad  I n d i c a t i n g  
W a sh e r.
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A p r a c t i c a l ,  l a b o r a t o r y  b a s e d  s e r i e s  o f  c l o s e l y  c o n t r o l l e d  t e s t s  w e re  
u n d e r ta k e n  t o  i n v e s t i g a t e  t h e  p e r fo rm a n c e  o f  d i f f e r e n t  t i g h t e n i n g  t e c h n iq u e s  
a n d  t h e  a b i l i t y  o f  t h e  m e th o d s  t o  t i g h t e n  a  j o i n t  t o  t h e  p r e s c r i b e d  b o l t  
t e n s i o n .  P r a c t i c a l  f a c t o r s  w h ic h  a r e  com m only e n c o u n te r e d  i n  t h e  f i e l d  w e re  
s t u d i e d  a n d  t h e  e f f e c t  o f  t h e s e  f a c t o r s  o n  t h e  a c c u r a c y  o f  t h e  t i g h t e n i n g  
m e th o d s  w as q u a n t i f i e d .  A lth o u g h  t h e  t e s t s  w e re  c o n d u c te d  u n d e r  l a b o r a t o r y  
c o n d i t i o n s ,  t h e  g e n e r a l  d i s c u s s i o n  a n d  c o n c lu s io n s  o f  t h i s  w o rk  c a n  b e  a p p l i e d  
t o  t h e  p r a c t i c a l  e n v i ro n m e n t.  The m ain  c o n c lu s io n s  on  t h e  t i g h t e n i n g  m e th o d s  
w e re  a s  f o l l o w s .
a) Y ie ld  c o n t r o l l e d  t i g h t e n i n g  (SPS) -  p r o v id e s  t h e  m o s t a c c u r a t e  a n d  
r e p e a t a b l e  m ethod  o f  t i g h t e n i n g  b o l t e d  j o i n t s  t o  a  p r e d e te r m in e d  b o l t  
t e n s i o n  (± 4 .8 % ).
b ) A n g le  c o n t r o l l e d  t i g h t e n i n g  ( y i e l d  r a n g e )  -  c o m p a ra b le  p e r fo rm a n c e  t o  
y i e l d  c o n t r o l l e d  t i g h t e n i n g  (± 4.9% )
c )  T o rq u e  c o n t r o l  -  p r o v id e s  a n  a c c u r a c y  o f  ± 11%. T h is  i s  b e t t e r  t h a n  
g e n e r a l l y  r e f e r r e d  t o  i n  t h e  l i t e r a t u r e .
d ) A n g le  c o n t r o l l e d  t i g h t e n i n g  ( e l a s t i c  r a n g e )  i s  a n  i n a c c u r a t e  t e c h n iq u e  o f  
c o n t r o l l i n g  b o l t  t e n s i o n  (± 14%) a n d  i t s  u s e  i s  n o t  recom m ended i n  t h i s  
t h e s i s .
e )  'C o r o n e t ' lo a d  i n d i c a t i n g  w a s h e r s  -  p r o v id e  a n  a c c u r a c y  o f  ± 1 1 % i n  t h e
p r e s c r i b e d  b o l t  t e n s i o n .
A num ber o f  com m only e n c o u n te r e d  f a c t o r s  e x e r t  i n f l u e n c e  o v e r  t h e  
p e r fo rm a n c e  o f  t h e  m e th o d s . The p r i n c i p a l  f a c t o r s  a n d  t h e i r  e f f e c t s  a r e  
o u t l i n e d  b e lo w .
a )  F r i c t i o n  -  s i g n i f i c a n t l y  a f f e c t s  t h e  b o l t  t e n s i o n  -  a p p l i e d  t o r q u e  
r e l a t i o n s h i p .  T y p i c a l l y ,  a  10% i n c r e a s e  i n  f r i c t i o n  a t  t h e  t h r e a d s  an d
CHAPTER SEVEN
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b e a r in g  f a c e  r e s u l t s  i n  a n  8 % r e d u c t i o n  i n  b o l t  t e n s i o n  a t  t h e  sam e a p p l i e d  
t o r q u e .  H ow ever, v a r i a t i o n s  i n  f r i c t i o n  a t  t h e  b e a r i n g  f a c e  a f f e c t  t h e  
r e l a t i o n s h i p  m ore t h a n  v a r i a t i o n s  a t  t h e  t h r e a d s .
F u r th e rm o re ,  t h r e a d  f r i c t i o n  r e s u l t s  i n  t o r s i o n a l  s t r e s s e s  i n  t h e  b o l t  
s h a n k . T o r s io n a l  s t r e s s e s  r e d u c e  t h e  t e n s i l e  s t r e n g t h  o f  t h e  b o l t  d u e  t o  t h e  
e f f e c t  o f  co m b in ed  s t r e s s e s .  H ow ever, t e s t s  show ed t h a t  a n  i n c r e a s e  o f  40% i n  
t h e  t h r e a d  f r i c t i o n  o n ly  r e d u c e d  t h e  t e n s i l e  s t r e s s  a t  y i e l d  b y  5%. T h u s , 
v a r i a t i o n s  i n  f r i c t i o n  d o  n o t  s i g n i f i c a n t l y  i n f l u e n c e  t h e  y i e l d  s t r e s s .
b) B e a r in g  F a c e  G eo m etry  -  E c c e n t r i c i t y  o f  t h e  m a tin g  s u r f a c e  b e tw e e n  t h e  
n u t  w a s h e r  c a n  r e d u c e  t h e  a r e a  o f  c o n t a c t  b y  up  t o  30 % w i t h  s t a n d a r d  w a s h e r s .  
C o n s e q u e n t ly ,  t h i s  i n c r e a s e s  t h e  m ean b e a r i n g  s t r e s s  an d  c a u s e s  h ig h  s t r e s s  
c o n c e n t r a t i o n s .  T h is  r e s u l t s  i n  e x c e s s i v e  d e f o r m a t io n  a n d  d e t e r i o r a t i o n  o f  
t h e  w a sh e r  w h ic h  l e a d s  t o  a n  i n c r e a s e  i n  f r i c t i o n  u n d e r  t h e  n u t .
c ) C h o ic e  o f  R o t a t io n  I n t e r f a c e  -  T he e f f e c t i v e  b e a r i n g  r a d i u s  b e tw e e n  t h e  
w a s h e r  a n d  t h e  j o i n t  i s  t y p i c a l l y  15% h i g h e r  t h a n  a t  t h e  n u t - w a s h e r  
i n t e r f a c e .  T h u s , t h e  t o r q u e  a b s o r b e d  a t  t h i s  i n t e r f a c e  w i l l  b e  15 % g r e a t e r .  
The t o r q u e  r e q u i r e d  t o  t i g h t e n  t h e  j o i n t  t o  a  p r e s c r i b e d  t e n s i o n  i s  o n ly  
a p p r o p r i a t e  f o r  t h e  s e l e c t e d  i n t e r f a c e  a n d  r o t a t i o n  m u st b e  m a in ta in e d  a t  t h i s  
i n t e r f a c e  t h r o u g h o u t  t h e  t i g h t e n i n g  c y c l e .  N o rm a lly  r o t a t i o n  w i l l  o c c u r  a t  
t h e  i n t e r f a c e  o f f e r i n g  l e a s t  r e s i s t a n c e  ( n u t - w a s h e r ) , a l t h o u g h  i f  s u r f a c e  
d e t e r i o r a t i o n  o c c u r s ,  t h e n  r o t a t i o n  c a n  c h a n g e  d u r in g  t h e  t i g h t e n i n g  c y c l e ,  
w h ic h  w i l l  a f f e c t  t h e  t e n s i o n  a t  t h e  s p e c i f i e d  t o r q u e .
d) N u t an d  B o l t  P l a t i n g  -  a l t e r s  t h e  f r i c t i o n  c o e f f i c i e n t s .  The e f f e c t  o f  
cadm ium  a n d  z in c  p l a t i n g  i s  t o  r e d u c e  t h e  f r i c t i o n  b e tw e e n  t h e  m a tin g  s u r f a c e s  
By t y p i c a l l y  15% a n d  8% r e s p e c t i v e l y ,  w h i l s t  chrom ium  (h a rd  an d  b r i g h t )  
p l a t i n g  i n c r e a s e s  t h e  f r i c t i o n  a n d  h e n c e  t h e  t o r q u e  a t  t h e  sam e p r e s c r i b e d  
t e n s i o n  b y  10%. ( P l a t i n g  f u r t h e r  c h a n g e s  t h e  y i e l d  s t r e s s  a s  d e s c r i b e d  ab o v e )
e ) J o i n t  D e f l e c t i o n s  -  d i r e c t l y  c o n t r o l  t h e  t e n s i o n  -  a n g le  r e l a t i o n s h i p ,  
'h a r d '  j o i n t s  r e q u i r e  o n ly  a  s m a l l  r o t a t i o n  t o  a  p r e s c r i b e d  t e n s i o n ,  w h i l s t  
' s o f t '  j o i n t s  r e q u i r e  a  l a r g e r  r o t a t i o n .  C o n s e q u e n t ly ,  a n g l e  r e l a t e d
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t i g h t e n i n g  t e c h n iq u e s  c o n t r o l  b o l t  t e n s i o n  b e t t e r  w hen u s e d  w i t h  s o f t  j o i n t s  
t h a n  w i t h  h a r d  j o i n t s ,  b e c a u s e  t h e y  p r o v id e  g r e a t e r  l a t i t u d e  i n  t h e  a n g le  
m e a su re m e n t.
f )  D e f l e c t i o n s  o f  t h e  T h re a d e d  C o n n e c t io n  a n d  B o l t  Head -  c o n t r i b u t e  a  
s i g n i f i c a n t  p r o p o r t i o n  t o  t h e  o v e r a l l  j o i n t  d e f l e c t i o n ,  e s p e c i a l l y  f o r  s h o r t  
b o l t  l e n g t h s  ( f o r  t h e s e  t e s t s  -  t h e  d e f l e c t i o n s  c o n t r i b u t e  30% ). The 
c o n t r i b u t i o n  o f  t h e s e  d e f l e c t i o n s  t o  t h e  o v e r a l l  d e f l e c t i o n  h a s  g e n e r a l l y  b e e n  
ig n o r e d  i n  p r e v io u s  w o rk .
g) T e n s io n  a t  Y ie ld  -  i s  a f f e c t e d  b y  v a r i a t i o n s  i n  t h e  f r i c t i o n  a t  t h e  
t h r e a d s ,  a s  d i s c u s s e d  i n  ( a ) . F u r th e r m o r e ,  t h e  t e n s i o n  a t  y i e l d  d e p e n d s  o n  
h e a t  t r e a t m e n t  an d  m a t e r i a l  s p e c i f i c a t i o n  o f  t h e  b o l t ,  w h ic h  i s  c o n t r o l l e d  b y  
t h e  m a n u f a c tu r e r  a n d  c a n  v a r y  s i g n i f i c a n t l y  ( B r i t i s h  S ta n d a r d s  o n ly  s p e c i f y  a
minimum y i e l d  s t r e s s  f o r  b o l t  g r a d e s ) . S in c e  y i e l d  c o n t r o l l e d  t i g h t e n i n g
m eth o d s  c o n t r o l  t h e  t e n s i o n  a t  y i e l d ,  t h e n  v a r i a t i o n s  i n  t h e  y i e l d  s t r e s s ,  
w h a te v e r  t h e  r e a s o n ,  w i l l  r e d u c e  t h e  a b i l i t y  o f  t h e  m eth o d  t o  c o n t r o l  b o l t  
t e n s i o n .
S p e c i f i c  m e a s u re s  c a n  b e  t a k e n  t o  im p ro v e  t h e  p e r fo rm a n c e  o f  d i f f e r e n t
t i g h t e n i n g  m e th o d s . The f o l lo w in g  a r e  recom m ended t o  i n c r e a s e  t h e  a c c u r a c y  i n
b o l t  t e n s i o n .
a) T o rq u e  C o n t r o l
T e s t s  w e re  c o n d u c te d  w i t h  m a c h in e  o i l  a p p l i e d  s p a r i n g l y  t o  t h e  
i n t e r f a c e s .  U nder t h e s e  c o n d i t i o n s ,  t h e  v a r i a t i o n  i n  t h e  t e n s i o n  a t  t h e  
s p e c i f i e d  t i g h t e n i n g  t o r q u e  w as r e d u c e d  t o  ± 1 0  %, w hen i n c o r p o r a t i n g  t h e  
f o l l o w in g  g u i d e l i n e s :
1) T h in  w a s h e rs  (Form D -  BS. 4320) s h o u ld  n o t  b e  s p e c i f i e d .
2) G ro u n d , h a rd e n e d  w a s h e r s  w i t h  a  c l o s e r  t o l e r a n c e  t o  t h e  b o l t  d i a m e te r  
(max 0 .2 5  mm) s h o u ld  b e  u s e d ,  i n  o r d e r  t o  m in im iz e  e c c e n t r i c i t y  o f  
t h e  m a tin g  s u r f a c e s  a n d  t o  l e s s e n  s u r f a c e  dam age .
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3) R e l a t i v e  r o t a t i o n  m u s t b e  m a in ta in e d  a t  t h e  c h o s e n  i n t e r f a c e  ( i d e a l l y  
b e tw e e n  n u t  an d  w a s h e r ) .
b ) A n g le  C o n t r o l
The v a r i a t i o n  i n  t h e  t o r q u e - a n g l e  g r a d i e n t  an d  t h e  h ig h  v a r i a b i l i t y  i n  
t h e  sn u g  p o s i t i o n  c a u s e s  h ig h  in a c c u r a c y  i n  b o l t  t e n s i o n  u s i n g  e l a s t i c  r a n g e  
t i g h t e n i n g .  I f  t h i s  m eth o d  i s  t o  b e  u s e d ,  t h e n  e x p e r im e n ta l  t e s t s  m u s t b e  
c o n d u c te d  o n  t h e  s p e c i f i c  j o i n t  t o  e s t a b l i s h  t h e  op tim um  sn u g  t o r q u e ,  w i t h i n  
c e r t a i n  l i m i t s ,  a n d  t h e  s u b s e q u e n t  t i g h t e n i n g  a n g l e .  F u r th e r m o r e ,  t h i s  m eth o d  
i s  o n ly  s u i t a b l e  f o r  lo n g  b o l t s  ( r e l a t i v e  t o  d ia m e te r  -  h i g h e r  t h a n  5 : 1 ) .
A n g le  c o n t r o l  -  y i e l d  r a n g e  p r o v id e s  much h i g h e r  a c c u r a c y ,  p a r t i c u l a r l y  
i f  t h e  d e f l e c t i o n s  o f  t h e  t h r e a d s  a n d  b o l t  h e a d  a r e  a l lo w e d  f o r  when 
d e te r m in in g  t h e  s u b s e q u e n t  t i g h t e n i n g  a n g l e .
c )  G r a d ie n t  C o n t r o l l e d  T ig h te n in g
T he p e r fo rm a n c e  an d  a c c u r a c y  o f  g r a d i e n t  c o n t r o l l e d  t i g h t e n i n g  c a n  b e  
im p ro v ed  b y :
1) C a r e f u l  c o n t r o l  o f  t h e  y i e l d  s t r e s s  o f  t h e  b o l t s .
2) Use o f  a n  im p ro v ed  m eth o d  o f  d e te r m in in g  t h e  t o r q u e - a n g l e  g r a d i e n t .  In  
p r i n c i p l e ,  t h e  im p ro v em en t u s e s  a  l e a s t  s q u a r e s  m eth o d  t o  d e te r m in e  
t h e  g r a d i e n t  o f  t h e  b e s t  f i t  p o ly n o m ia l  t o  t h e  e x p e r im e n ta l  d a t a  ( t h i s  
i s  d e s c r i b e d  i n  S e c t i o n  5 . 1 . 2 ) .
From  t h e  r e v ie w  o f  m e th o d s  t o  t i g h t e n  b o l t e d  j o i n t s  i t  i s  c o n c lu d e d  t h a t  
no  new te c h n iq u e  i s  l i k e l y  t o  b e  d e v e lo p e d  i n  t h e  n e a r  f u t u r e .  H ow ever, a  
p o s s i b l e  d e v e lo p m e n t i s  w i t h  lo a d  i n d i c a t i n g  b o l t s  an d  w a s h e r s .  The w o rk  on 
t h e  l a t t e r  h a s  c o n c lu d e d  t h a t  t h e r e  i s  m a rk e t  i n t e r e s t  i n  a  schem e p r o v id e d  
t h a t  i t  f u l f i l s  v a r io u s  d e s i g n  s p e c i f i c a t i o n s .
L IS T  OF PLATES
P l a t e  l a
P l a t e l b
P l a t e 2 a
P l a t e 2b
P l a t e 3 :
P l a t e 4a
P l a t e 4b
T e s t  A p p a ra tu s
S h o r t  B o l t  T ra n s d u c e r
F u r t h e r  V iew  o f  T e s t  A p p a ra tu s
F u r t h e r  V iew  o f  T e s t  A p p a ra tu s
C a l i b r a t i o n  o f  B e a r in g  F a c e  T o rq u e  G auges
Q u a r t e r  S egm en t o f  P l a i n  W asher ( th ic k )
Q u a r t e r  S egm en t o f  H a rd en ed  W asher
PLATE l a :  T e s t  A p p a r a tu s
PLATE 2b : F u r t h e r  V iew  o f  T e s t  A p p a ra tu s
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PREFACE TO APPENDICES
The e q u a t io n s  d e r iv e d  i n  A p p en d ix  1 - 3  a p p ly  o n ly  t o  s t r a i n s  
b e lo w  t h e  e l a s t i c  l i m i t .  B eyond t h e  y i e l d  p o i n t  t h e  sam e s t r e s s - s t r a i n  
c o n d i t i o n s  d o  n o t  a p p ly .
H ow ever, i n  t h i s  r e g i o n ,  i t  i s  o n ly  t h e  b o l t  sh a n k  t h a t  i s  s t r e s s e d  
b ey o n d  t h e  e l a s t i c  l i m i t .  Y ie ld  o f  t h e  b o l t  w i l l  r e s u l t  i n  a  n o n - l i n e a r  c u r v e  
b e tw e e n  b o l t  t e n s i o n  a n d  a x i a l  d i s p la c e m e n t  an d  t h i s  e f f e c t  i s  i l l u s t r a t e d  
b y  t h e  e x p e r im e n ta l  w o rk . H ow ever, p r o v id e d  y i e l d  d o e s  n o t  o c c u r  i n  t h e  
t h r e a d s ,  t h e n  t h e  t h r e a d  f l a n k  d e f l e c t i o n s  w i l l  b e  e s s e n t i a l l y  e l a s t i c ,  s i n c e  
l i m i t e d  y i e l d  o f  t h e  t h r e a d s  o n ly  c h a n g e s  t h e  lo a d  d i s t r i b u t i o n  a lo n g  t h e  
h e l i x .
F u r th e rm o re ,  a l th o u g h  l o c a l i s e d  y i e l d i n g  o c c u r s  i n  t h e  j o i n t  p l a t e s ,  
t h e i r  b e h a v io u r  i s  e l a s t i c ,  a n d  t h u s  t h e  p l a t e  d e f l e c t i o n s  a r e  u n a f f e c t e d  b y  
y i e l d  i n  t h e  b o l t  c o r e .
k A t y i e l d ,  t h e  t o r q u e - t e n s i o n  r e l a t i o n s h i p  i s  g o v e rn e d  b y  t h e  f a c t  t h a t  
t h e  t e n s i o n  i s  e s s e n t i a l l y  c o n s t a n t .  S in c e  t h e  a p p l i e d  t o r q u e  i s  d i r e c t l y  
r e l a t e d  t o  t h e  b o l t  t e n s i o n ,  t h e n  i n  t h i s  r e g io n  t h e  t o r q u e 'w i l l  b e  l i t t l e  
a f f e c t e d  b y  y i e l d .  In  f a c t  i t  w as o b s e rv e d  d u r in g  t h e  e x p e r im e n ta l  w o rk  t h a t  
b ey o n d  y i e l d ,  b o th  t h e  t o r q u e  an d  t e n s i o n  re m a in e d  a p p r o x im a te ly  c o n s t a n t .  
C o n s e q u e n tly  i t  i s  c o n f irm e d  t h a t  y i e l d  i n  t h e  b o l t  d o e s  n o t  s e r i o u s l y  a f f e c t  
t h e  p e r fo rm a n c e  o f  c o n v e n t io n a l  t o r q u e  t i g h t e n i n g  an d  d o e s  n o t  i n v a l i d a t e  t h e  
e q u a t io n s  p ro p o s e d  i n  t h e  a n a l y s i s .
APPENDIX ONE 
THE DISTRIBUTION OF THE APPLIED TORQUE
1 1 4
1 .1  S hank  T o rq u e -A x ia l  L oad  R e l a t i o n s h i p  f o r  T h re a d e d  C o n n e c t io n
N— -------------------------------- —
F o r e q u i l i b r i u m  o f  t h e  a x i a l  f o r c e s :
P0 = N ( c o s f l  c o s  a -  fl s i n  a)
= N c o s  a ( c o s  p -  /i t a n  cd [ i ]
The t a n g e n t i a l  f o r c e  o n  t h e  t h r e a d  h e l i x  i s  g iv e n  b y :
= N ( s i n  a c o s  p + fi c o s  a)
-  N c o s  a ( c o s p t a n a  + fi)
T he sh a n k  to r q u e  i s  d e f in e d  a s :
T -  i d  ( t a n g e n t i a l  f o r c e )
S 1
s o  t h a t :
T  = i  d q N c o s  a ( c o s  p t a n a  + fi)  [2 ]s J.
C o m b in in g  e q u a t io n s  [1] a n d  [2] g i v e s :
T = i  d  P ( c o s & ban a + fi)
( c o s  p -  p. t a n a )
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F o r  s m a l l  h e l i x  a n g l e s :  
c o s  (J >> p  t a n a
a n d  d e f i n i n g  t h e  p i t c h  o f  t h e  t h r e a d s  a s ;
t a n  a = ^
*d i
g i v e s  t h e  sh a n k  t o r q u e  a s :
T s  '  Po( L  + d- I  t  1 13]
2 x  2 c o s p
1 .2  U n lo a d in g
D u r i n g - u n t i g h t e n i n g ,  t h e  d i r e c t i o n s  o f  T a n d  pN w i l l  b e  r e v e r s e d .  A g a in ,  f o rs
e q u i l i b r i u m  o f  t h e  a x i a l  f o r c e s :
PQ = N c o s  a ( c o s  p -  ju t a n a )
The t a n g e n t i a l  f o r c e  i s
= N c o s  a ( c o s  p t a n  a -  ju)
S in c e  t h e  s h a n k  t o r q u e  i s  r e v e r s e d ,  t h e n :
T = i  d  N c o s  a ( c o s  p t a n  a -  p.) s  i
H en ce , f o r  s m a l l  h e l i x  a n g l e s :
t  = p0 [ E_ -  L l -  |
2*. 2 c o s p
1 .3  A n a ly s i s  o f  A p p ro x im a tio n
F o r  s m a l l  h e l i x  a n g le s  ( l e s s  t h a n  3°) p t a n a  c a n  b e  e l i m i n a t e d  fro m  t h e  
e q u a t i o n  i n  c o m p a r is o n  t o  c o s  p , w i th  a  s m a l l  e r r o r .  T y p i c a l l y :
P = 2 5 °  -  3 0 °
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c o s p = 0 . 8 6 6  -  0 . 9 1 0  
t a n a  -  0.  05
The v a l u e  o f  tt i s  u s u a l l y  i n  t h e  r a n g e  0 .0 8  t o  0 .2  f o r  m o s t s u r f a c e  f i n i s h e s .  
C o n s id e r  t h e  e q u a t io n :
A = c o s  p -  ju t a n  a
t h e  maximum v a lu e  i s
A = 0 . 9 1 0  -  0 . 0 0 4  = 0 . 9 0 6
t h e  minimum v a l u e  i s
A = 0 . 8 6 6  -  0 . 0 1 0  = 0 . 8 5 6
T h u s( n e g l e c t i n g  p t a n  a fro m  t h e  e x p r e s s i o n  g i v e s  a  maximum e r r o r  o f  1% i n  t h e  
a p p r o x im a t io n .
1 .4  B e a r in g  F a c e  T o rq u e -A x ia l  L oad  R e l a t i o n s h i p
The c o n t a c t  a r e a  b e tw e e n  t h e  n u t  a n d  t h e  w a s h e r  i s  a n  a n n u lu s  o f  i n n e r
d i a m e te r  d .  a n d  o u t e r  d i a m e te r  d  . C o n s id e r  a n  e le m e n ta l  r i n g  o f  w id th  d r  a t  ^ o
a  r a d i u s  r  fro m  t h e  b o l t  a x i s ,  w i t h  a  p r e s s u r e  o f  i n t e n s i t y  p a c t i n g  n o rm a l t o  
t h e  s u r f a c e .
a n d
Po
S e c tio n  A-A
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The lo a d  o v e r  t h e  e l e m e n ta l  r i n g  i s :  
dPQ = 2 x r  p d r
I n t e g r a t i n g  o v e r  t h e  w h o le  a n n u l a r  a r e a  g i v e s :
d  / 2  o
PQ -  2 x  I r  p d r  [4 ]J r .
d . / 2v
The t a n g e n t i a l  f o r c e  i s :
= 2 *  r  p u  d r  n
w h e re  u  i s  t h e  f r i c t i o n  c o e f f i c i e n t  b e tw e e n  t h e  m a tin g  s u r f a c e s .  The t o r q u e  
r e q u i r e d  t o  ov erco m e t h e  f r i c t i o n a l  r e s i s t a n c e  o v e r  t h e  e le m e n t  i s :
dT -  27s r 2 p p. d r  n n
H en ce , t h e  t o t a l  b e a r i n g  f a c e  t o r q u e  i s  g iv e n  b y :
T = 2 7*fi j  r 2 p d r  [5  ]
d . /2%
1 .5  R e l a t i o n s h i p  b e tw e e n  r  a n d  P
I n  o r d e r  t o  i n t e g r a t e  e q u a t i o n s  [4] a n d  [5] t h e  p r e s s u r e  d i s t r i b u t i o n  b e tw e e n  
t h e  m a tin g  s u r f a c e s  m u s t b e  d e te r m in e d .  C o n s id e r in g  t h r e e  p o s s i b l e  p r e s s u r e  
d i s t r i b u t i o n s :
-  c o n s t a n t  p r e s s u r e
-  d e c r e a s in g  p r e s s u r e
-  s e p a r a t i o n  o f  t h e  m a tin g  s u r f a c e s  a t  t h e  o u t e r  e d g e .
F o r  a  c o n s t a n t  p r e s s u r e  d i s t r i b u t i o n  o v e r  t h e  a n n u la r  a r e a ,  l e t :
p = k
w h e re  k  i s  a  c o n s t a n t .  S u b s t i t u t i n g  i n t o  e q u a t io n s  [4] a n d  [ 5 ] ,  a n d  
i n t e g r a t i n g  b e tw e e n  t h e  l i m i t s  g i v e s :
P0 = ~  *  k  ( d l  -  d 2. ) [6 ]
4 z
d  / 2  o
C om bin ing  e q u a t i o n s  [ 6 ] a n d  [7] g i v e s  t h e  b e a r i n g  f a c e  t o r q u e  ( c o n s t a n t  
p r e s s u r e  d i s t r i b u t i o n )  a s :
( d 3 -  d 3 )T = ju r  r  = o i  [ 8 ]
n n n n 3 ( d 2 ~ d 2 )o 'l
F o r  d e c r e a s in g  p r e s s u r e  d i s t r i b u t i o n ,  l e t :
r
I n  a  s i m i l a r  m anner t o  a b o v e ,  t h e  b e a r i n g  f a c e  t o r q u e  i s :
T = p  r  r  = — ( d  + d . )  [ 9 ]n n n n 4 o  t
F o r  s e p a r a t i o n  b e tw e e n  t h e  n u t  a n d  t h e  w a s h e r  a t  t h e  o u t e r  e d g e ,  t h e  f o l l o w in g  
b o u n d a ry  c o n d i t i o n  a p p l i e s :
J
a t  r  = _ o  : P = 0 [1 0 ]
2
A ssum ing  t h a t  t h e  p r e s s u r e  i n t e n s i t y  i s  h i g h e s t  a t  t h e  c l e a r a n c e  h o le  
d i a m e t e r , t h e n : 
kP = — + a  
r
w h e re  a  an d  k  a r e  c o n s t a n t s .  From  [10] t h e  v a lu e  o f  a  c a n  b e  d e r iv e d  a s :
2ka   -------
S u b s t i t u t i o n  i n t o  e q u a t i o n s  [4] a n d  [5] a n d  i n t e g r a t i n g  b e tw e e n  t h e  l i m i t s  
g i v e s  t h e  b e a r i n g  f a c e  t o r q u e  a s :
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APPENDIX TWO
DERIVATION OF COMBINED STRESSES IN THE BOLT SHANK
2 . 1  N o t a t i o n
= S h e a r  s t r a i n  e n e rg y  
= P r i n c i p a l  s t r e s s e s
= A x ia l  s t r e s s  i n  b o l t  (u n ifo rm  o v e r  c r o s s - s e c t i o n )  
= C om bined s t r e s s  
= Maximum s h e a r  s t r e s s  i n  b o l t
2 .2  S h e a r  S t r a i n  E n e rg y  T h e o ry  o f  F a i l u r e
F o r  d u c t i l e  m a t e r i a l s ,  t h e  s h e a r  s t r a i n  e n e rg y  th e o r y  (due t o  Von M ise s) i s  
a p p r o p r i a t e .  A c c o r d in g ly ,  t h e  s h e a r  s t r a i n  e n e rg y  i n  t h e  co m p lex  s y s te m  an d  
i n  s im p le  t e n s i o n  a r e  e q u a l .
From R y d er (8 7  ) :
Vs = ~12Gl  ( ° l ~  V *  + <a2 -  V 2 + ( °3 -  °1 >S ] - 111
F o r  s im p le  t e n s i o n :
s o  t h a t ,  fro m  e q u a t i o n  [1 ] :
2
°C
Us ■ [2]s 6G
F o r  t h e  co m p lex  s y s te m :
° 7 = i.a + i  J ( ° 2 + 4 i 2 ) = a  + b
°2 = a -  h: =
s o  t h a t :
V = —  ( 3 b 2 + a 2 ) = —  f o 2 + 3 \ 2 ) (31
s  6G 6G
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E q u a t in g  e q u a t i o n s  [2] a n d  [3] g iv e s ;
o> = o* + 3-e
12 1
APPENDIX THREE 
ELASTIC DEFLECTIONS OF THE THREADED CONNECTION
3 .1  A d d i t i o n a l  N o ta t i o n
a; = D is ta n c e  a lo n g  a x i s  fro m  t h e  b e a r i n g  f a c e  o f  t h e  n u t  
P ( x )  = A x ia l  lo a d  a t  x  
b j x ) ~  R e l a t i v e  a x i a l  d i s p l a c e m e n t  a t  a: 
bb ( x ) ~  D is p la c e m e n t  o f  b o l t  s e c t i o n  a t  x  
b ^ f x j -  D is p la c e m e n t  o f  n u t  s e c t i o n  a t  x
D is p la c e m e n t  o f  n u t  a n d  b o l t  t h r e a d  f l a n k s  a t  x  
A, B -  I n t e g r a t i o n  c o n s t a n t s  
m = E q u a t io n  c o n s t a n t
w = I n t e n s i t y  o f  lo a d  p e r  u n i t  l e n g t h  o f  t h r e a d  h e l i x
3 .2  L oad  D i s t r i b u t i o n  i n  t h e  T h re a d s
T he r e l a t i v e  a x i a l  d e f l e c t i o n  a t  a; b e tw e e n  t h e  n u t  a n d  b o l t  d u e  t o  t h e  a p p l i e d  
lo a d  i s :
b ( x )  = b'h ( x )  + b ( x )  -  b ( x )  [1 ]t  t n  b n
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The a x i a l  d i s p la c e m e n ts  o f  t h e  n u t  a n d  b o l t  t h r e a d s  a r e  p r o p o r t i o n a l  t o  t h e  
lo a d  i n t e n s i t y  p e r  u n i t  l e n g t h  o f  t h r e a d  h e l i x .  I n t r o d u c in g  CJ a n d  C a s  
a x i a l  d i s p la c e m e n t  f a c t o r s  ( d e r iv e d  i n  A p p en d ix  4 ) ,  t h e n  t h e  d i s p la c e m e n t  o f  
t h e  t h r e a d  a n d  n u t  f l a n k s  a r e :
6 , h (x ) = w (^i> + ^ n )  [2 ]tn \ j? E J
d n
F o r  e q u i l i b r i u m  o f  t h e  e le m e n t ,  t h e n :
dF * d n .- j -  b x  = W — 2 b xd x  p
s o  t h a t :
dP  7s d„=■ - w  — 2d x  p [ s ]
C o m bin ing  e q u a t i o n s  [2] a n d  [3] g i v e s :
. M X > = - ^ d 2 { gf b + ] ) %  [41
D i f f e r e n t i a t i n g  [4] w i t h  r e s p e c t  t o  
d E ,  _ -  P (C-, C \  d s P- t h  = u , z
k v i f f  • 151' E. E •* b n
F o r  t h e  n u t  b o d y  a n d  t h e  b o l t  c o r e  t h e  s t r a i n s  a r e  a s  f o l l o w s :
c _ ^  = PfaU
dx E.A-, [ Jb b
a n d
db  p ( x )
F A n ne d x n E
D i f f e r e n t i a t i n g  e q u a t i o n  [1] g i v e s :
d b ^  d b 7 d b  , ,
d x t h  + d x b "  d x n ~ 0 [8J
S u b s t i t u t i o n  o f  e q u a t i o n s  [ 5 ] ,  [ 6 ] a n d  [7] i n t o  [8 ] g i v e s  t h e  f o l l o w in g
d i f f e r e n t i a l  e q u a t i o n :
d 2 P
y  -  m P = 0 [91
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w h e re
( 1 + Ab ) / ( I  + Eb \
V E A \  C-, E '
[10]
'  /  ' h h n
The g e n e r a l  s o l u t i o n  o f  e q u a t i o n  [9] i s :
PfccJ = A c o s h m x  + B s i n h m x [11]
F o r  t h e  f o l l o w in g  b o u n d a ry  c o n d i t i o n s  
& x  = 0 : P ( x )  = Po
§ x  = t  : P ( x )  = 0 n
t h e  i n t e g r a t i o n  c o n s t a n t s  a r e :
A = Pa
t a n h  m t n
S u b s t i t u t i n g  f o r  t h e  i n t e g r a t i o n  c o n s t a n t s  i n t o  t h e  g e n e r a l  s o l u t i o n  [11] 
g i v e s  t h e  lo a d  d i s t r i b u t i o n  i n  t h e  t h r e a d e d  c o n n e c t io n  a s :
w h e re  m i s  d e f in e d  i n  e q u a t i o n  [ 1 0 ] .
3 .3  D e f l e c t i o n  o f  t h e  C om ponents
From  [ 6 ] a n d  i n t e g r a t i n g  o v e r  t h e  t h i c k n e s s  o f  t h e  t h r e a d e d  c o n n e c t io n  g i v e s  
t h e  d e f l e c t i o n  o f  t h e  b o l t  c o r e  a s :
a n d
B =
p ( x )  = s i n h m ( t „  - x )  p ^ [12]
s i n k  m t n
[1 3 ]
L ik e w is e  f o r  t h e  n u t ,  fro m  [ 7 ] :
t
[ 1 4 ]
0
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b+l> ( ■ /  + wH) 7T a t  x=0 [15Jt h  E '  dx2 b n
I n t e g r a t i n g  [12] w i th  r e s p e c t  t o  x  b e tw e e n  0 a n d  t  g i v e s :
t n
P ( x )  d x  = P° —  I  ?°.s h m t n.) [1 6 ]
n , m s i n k  m t0U n
D i f f e r e n t i a t i n g  [1 2 ] :
dP m c o s h  m ( t  -  x )
 a  p„ 1171
s i n h  mt n
S u b s t i t u t i n g  [16] i n t o  [13] a n d  [14] g i v e s  t h e  d e f l e c t i o n  o f  t h e  n u t  a n d  b o l t  
c o r e .  C om bin ing  [15] an d  [17] d e r i v e s  t h e  d e f l e c t i o n  o f  t h e  t h r e a d  f l a n k s .  
H e n ce , t h e  t o t a l  d e f l e c t i o n  o f  t h e  t h r e a d e d  c o n n e c t io n  i s :
bt  ’  %h + %  + b n 1181
From  [4] t h e  d e f l e c t i o n  o f  t h e  t h r e a d  f l a n k  i s :
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APPENDIX FOUR
DEFLECTION OP THE THREAD FLANK
4 . 1  A d d i t i o n a l  N o t a t i o n
b  = T h ic k n e s s  o f  c a n t i l e v e r  a t  b a s e
H = H e ig h t  o f  fu n d a m e n ta l  t r i a n g l e  o f  t h r e a d
J  = S eco n d  moment o f  a r e a  a t  A-A
I = D i s ta n c e  fro m  b a s e  t o  l o a d in g  p o i n t
Vl* V2* V3 ~ T r a n s v e r s e  d e f l e c t i o n s  d u e  t o  b e n d in g ,  s h e a r  a n d  r o t a t i o n  
r e s p e c t i v e l y  
v = T o ta l  t r a n s v e r s e  d e f l e c t i o n  
w = L oad  p e r  u n i t  l e n g t h  o f  t h r e a d  h e l i x  
z  = D is ta n c e  fro m  b a s e  
Tna ~ sk iea r s t r e s s  a t  n e u t r a l  a x i s  
\ na  = S h e a r  s t r a i n  a t  n e u t r a l  a x i s  
A = T a p e r  o f  c a n t i l e v e r  
T = R o t a t io n  a t  b a s e
/  z
I
4 .2  D e f l e c t i o n  d u e  t o  B e n d in g
C a n t i l e v e r  T a p e r :  A = 2 t a n p
W id th  a t  s e c t i o n  A -A : b  -  A z
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I  = (b  -  K z ) 3 / 1 2  ' [ 2 ]
The t r a n s v e r s e  d e f l e c t i o n  d u e  t o  b e n d in g  i s :
d 2v
E I  — 1 = w ( I  -  z )
d z 2
S e c o n d  m om ent o f  a r e a  o f  s e c t i o n  a t  A -A :
s o  t h a t :
dfv_2 _ 12w ( I -  z ) 
d z z E (b  -  K z ) 3
an d
d^v_ 12a f  hi -  b  ____1____ \
d z* A E \ ( b  —A is J(b -  h z ) zJ 121
I n t e g r a t i n g  [2] w i th  r e s p e c t  t o  z  a n d  u s i n g  t h e  b o u n d a ry  c o n d i t i o n :  
a t  z  = 0,  = 0
g i v e s :
d v  12 w (  Kl -  b 1 Kl + b \  r „ 7
d z  E K2 \ 2 (b  -  K z ) 2 b  -  Kz “ 2 b s J L6J
I n t e g r a t i n g  [3] w i th  r e s p e c t  t o  z  a n d  u s in g  t h e  b o u n d a ry  c o n d i t i o n :
a t  z  = 0,  v 2 = 0
g i v e s ;
12 w ( Kz ( Kl -  b ) , i  b  Kz ( Kl + b ) \  r A 7
. V1 “ F j r i g b f b - h z )  + l o ^ T ^ h T  T b ^  )  141
A t t h e  l o a d in g  p o i n t ,  z = l ,  fro m  [ 4 ] ,  t h e  d e f l e c t i o n  d u e  t o  b e n d in g  i s  
12 w ( * b Kl ( Kl + 2 b ) \( log1 E K3 \  y b  -  Kl 2 b 2 J [ 5 ]
4 .3  D e f l e c t i o n  d u e  t o  S h e a r  F o rc e
F o r  c a n t i l e v e r  beam s o f  s m a l l  s p a n - t o - t h i c k n e s s  r a t i o ,  t h e  s h e a r  s t r e s s e s  a r e
12 7
l i k e l y  t o  b e  h ig h  a n d  t h e  r e s u l t i n g  d e f l e c t i o n  d u e  t o  s h e a r  may n o t  b e  
n e g l i g i b l e .  The e f f e c t  o f  s h e a r i n g  f o r c e s  i s  t o  d i s t o r t  t h e  p l a n e  
c r o s s - s e c t i o n s  i n t o  c u r v e d  p l a n e s ,  a s  show n b e lo w .
S h e a r in g  D is t o r t io n s  i n  a  C a n t i le v e r
S h e a r in g  d e f le c t io n s  a t  th e  
a t  th e  N e u t r a l  A x is
The s h e a r  s t r a i n  a t  t h e  n e u t r a l  a x i s  i s :
Y -  Tn a  
na G
The d e f l e c t i o n  a r i s i n g  fro m  s h e a r i n g  o f  t h e  c r o s s - s e c t i o n  i s :
T nab v n = y bz  2 na G
bz
T hen:
i i ?  -  T
da* -  q
na [6]
From  C ase  & C h i lv e r  (8 8 ) ,  f o r  t h e  c a n t i l e v e r ,  t h e  s t r e s s  a t  t h e  n e u t r a l  a x i s
i s :
3 w
na 2 (b  - h z )  
C o m b in in g  [6 ] a n d  [7] g iv e s :
d v  = 3w_ 1
d z  2 G (b  -  k z )
[7 ]
[ 8 1
I n t e g r a t i n g  [8] w i t h  r e s p e c t  t o  z  a n d  u s i n g  t h e  b o u n d a r y  c o n d i t i o n :
a t  z  -  0 ,  x>^  = 0
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g i v e s
T he d e f l e c t i o n  a t  t h e  l o a d in g  p o i n t  d u e  t o  t h e  s h e a r  f o r c e s  i s :
[ 9 ]
4 .4  D e f l e c t i o n  d u e  t o  R o t a t io n
E l a s t i c  d i s t o r t i o n  o f  t h e  b a s e  o f  t h e  c a n t i l e v e r  r e s u l t s  i n  r o t a t i o n  o f  t h e  
a x i s  a b o u t  p o i n t  0 .  T h is  r o t a t i o n  p ro d u c e s  a  d e f l e c t i o n  i n  a d d i t i o n  t o  t h a t  
c a u s e d  b y  b e n d in g  a n d  s h e a r  s t r e s s e s  i n  t h e  beam . T h is  a d d i t i o n a l  d e f l e c t i o n  
becom es s i g n i f i c a n t  r e l a t i v e  t o  t h e  g r e a t l y  r e d u c e d  b e n d in g  d e f l e c t i o n  a t  
s m a l l  s p a n - t o - t h i c k n e s s  r a t i o s  (6 1 ) .  S in c e  t h e  t h r e a d  f l a n k  h a s  b e e n  
c o n s id e r e d  a s  a  s h o r t  t a p e r e d  c a n t i l e v e r  o f  w id e  a n g l e ,  t h e  d e f l e c t i o n  d u e  t o  
r o t a t i o n  c a n n o t  b e  n e g l e c t e d .
Hongo e t  a l .  (89) a n a ly s e d  t h e  d e f l e c t i o n  o f  t h e  t h r e a d  c a n t i l e v e r  a n d  
fo u n d  t h e  d e f l e c t i o n  d u e  t o  r o t a t i o n  a t  t h e  b u i l t - i n  e n d  a s :
v 3 "  E x  b 2
24 W I z
A t t h e  l o a d in g  p o i n t , z  = Z , t h e  d e f l e c t i o n  d u e  t o  r o t a t i o n  i s :
24 w I 2
V3 E x  b 2 [10]
4 .5  D e te r m in a t io n  o f  A x ia l  D is p la c e m e n t  F a c t o r s  Cb a n d  £ n
The t o t a l  t r a n s v e r s e  d e f l e c t i o n  o f  t h e  t h r e a d  f l a n k  c a n t i l e v e r  i s :
y = + v2 + v3 [11]
The a x i a l  d i s p la c e m e n t  f a c t o r s  f o r  t h e  t h r e a d  f l a n k s  a r e  d e f in e d  a s :
C [12]
Dimensions o f ISO-METRIC Thread Form
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(a) Bolt Thread (b) Nut Tliread
From  B r i t i s h  S ta n d a r d s  B S3643, f o r  IS O -M e tr ic  t h r e a d s ,  t h e  f o l l o w in g  a r e  
d e r i v e d :
F o r  B o l t  T h re a d  „ F o r  N u t T h re a d
b = 0. 7 5 p  
I  = 0 . 2 1 6 5 p 
A = 1 .1 5 4 7  
\ l =  0.  2 5 p
b = 0 . 8 7 5 p 
I = 0 . 3 2 4 8 p 
A = 1 . 1 5 4 7  
A/ =  0. 375 p
T h is  g i v e s ,  t h e  d i s p la c e m e n t  f a c t o r  f o r  t h e  b o l t  t h r e a d  a s :
Cb = 2 . 3 4 4 [1 3 ]
a n d  f o r  t h e  n u t  t h r e a d :
C = 3 . 5 3 9  n [14]
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APPENDIX FIVE 
INSTRUMENTATION OF TEST APPARATUS
S t r a i n  g a u g e s  w e re  u s e d  t o  m e a su re  t h e  s h a n k  t o r q u e ,  i n p u t  t o r q u e ,  a n d  
c o m p re s s io n  lo a d .  The g a u g e s  w e re  a r r a n g e d  i n  f u l l  b r i d g e  a r r a n g e m e n t ,  a n d  
c o n n e c te d  t o  t h e  O r io n  d a t a l o g g e r  a s  show n b e lo w .
5 . 1  S t r a i n  G au g ed  T r a n s d u c e r s
The s t a n d a r d  p r o c e d u r e  f o r  t h e  m ea su re m e n t o f  t e n s i l e  o r  c o m p re s s iv e  d i r e c t  
s t r a i n s  i s  t o  bo n d  t h e  g a u g e s  t o  t h e  t r a n s d u c e r  a s  shown b e lo w . I n  t h i s  way 
t h e  e f f e c t s  o f  b e n d in g  o r  t o r q u e  a r e  e l i m i n a t e d  b u t  t h e  s e n s i t i v i t y  i s  
i n c r e a s e d  b y  a  f a c t o r  o f  2 . 6  o v e r  t h a t  w h ic h  w o u ld  b e  a c h ie v e d  u s in g  a  s i n g l e  
g a u g e .
F o r  b a l a n c e  o f  t h e  b r i d g e :
R 1 B3 = R2 R4
E ach  p a i r  o f  g a u g e s  o n  e i t h e r  s i d e  o f  t h e  e q u a t i o n  w i l l  h a v e  a n  a d d i t i v e  
e f f e c t  i f  t h e i r  s i g n s  a r e  s i m i l a r  ( d i r e c t  s t r a i n s )  o r  w i l l  c a n c e l  i f  o p p o s i t e  
(b e n d in g  o r  t o r q u e ) . The v a l u e  2 .6  a r i s e s  fro m  tw ic e  t h e  a p p l i e d  a x i a l  s t r a i n  
(R1 a n d R 3) p l u s  tw ic e  t h e  P o i s s o n 's  r a t i o  s t r a i n  ( R ^ a n d R J  , a s su m in g  V = 0 .3 .
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(a) Compression Gauges (b) Torque Gauges
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F o r  t h e  t o r q u e  m e a su re m e n t, i t  c a n  b e  show n t h a t  p u r e  t o r s i o n  p ro d u c e s  d i r e c t  
s t r e s s e s  o n  p l a n e s  a t  45° t o  t h e  t r a n s d u c e r  a x i s  -  o n e  s e t  t e n s i l e ,  t h e  o t h e r  
c o m p re s s iv e .  T h u s , s t r a i n  g a u g e s  w e re  b o n d ed  a t  45° t o  t h e  a x i s ,  a s  show n 
a b o v e .  A g a in  i t  i s  c o n v e n ie n t  t o  u s e  a  f u l l  b r i d g e  a r r a n g e m e n t ,  w h ic h  c a n c e l s  
o u t  u n w a n te d  s i g n a l s  a r i s i n g  fro m  t h e  c o m p re s s iv e  o r  b e n d in g  s t r a i n s .  The 
s e n s i t i v i t y  o f  t h e  s y s te m  i s  4 t im e s  t h a t  o f  a  s i n g l e  g a u g e .
5 .2  The S hank  D is p la c e m e n t  T r a n s d u c e r
The d i s p la c e m e n t  o f  t h e  e n d  o f  t h e  b o l t  sh a n k  w as m e a su re d  b y  a  Sony d i g i t a l  
d i s p la c e m e n t  t r a n s d u c e r  (D G -2100SA ), w h ic h  w as c o n n e c te d  t o  a  Sony LY -201 
d i g i t a l  d i s p l a y .  F o r  t r a n s f e r r i n g  t h e  d a t a  t o  t h e  O r io n  d a t a l o g g e r  u s e  w as 
made o f  t h e  5 - d i g i t  p a r a l l e l  b e d  c o d e  o u t p u t  o f  t h e  d i s p l a y .  T h is  o u t p u t  w as 
c o n n e c te d  t o  t h e  E v e n t / S t a t u s  m odu le  (3502A) o f  t h e  O r io n .  S t a t u s  i n p u t s  w e re  
u s e d  t o  r e a d  t h e  b e d  d e c a d e s  i n  8 - 4 - 2 - 1  fo rm . E ach  b e d  d e c a d e  u s e d  4 
c o n s e c u t i v e  c h a n n e l s ,  t h e  l s b  ( l e a s t  s i g n i f i c a n t  b i t )  w as t h e  lo w e s t  c h a n n e l  
n u m b er, an d  t h e  msb (m o st s i g n i f i c a n t  b i t )  w as t h e  h i g h e s t  c h a n n e l  n u m b er.
F o r  r e a d i n g  t h e  d i s p la c e m e n t  t r a n s d u c e r  s i g n a l ,  4 - d i g i t s  w e re  u s e d ,  c o m p r is in g  
16 c h a n n e l s  o f  t h e  d a t a l o g g e r .
5 .3  R o t a t i o n  T ra n s d u c e r s
T h e  r o t a t i o n  o f  t h e  b o l t  s h a n k  a n d  t h e  n u t  w e re  m e a s u re d  u s i n g  i n c r e m e n t a l
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e n c o d e r s  (MCB -  GIO 4 0 ) .  T he e n c o d e r s  w e re  u s e d  a s  c o u n t e r s ,  a n d  w e re  
c o n n e c te d  t o  t h e  O r io n  E v e n t / S t a t u s  m o d u le . E v e n t  mode w as u s e d ,  s e t  u p  t o  
c o u n t  t h e  num ber o f  t r a n s i t i o n s  ( tw ic e  t h e  num ber o f  e v e n t s ) . The e n c o d e r s  
i n c o r p o r a t e d  500 c o u n t s  p e r  r e v o l u t i o n  w h ic h  r e p r e s e n t e d  1000 t r a n s i t i o n s  p e r  
3 6 0 ° .  T he e n c o d e r s  w e re  c o n n e c te d  t o  t h e  r o t a t i o n  s h a f t s  o f  t h e  t e s t  
a p p a r a t u s  w i t h  a n t i - b a c k l a s h  g e a r s  m eshed  i n  r a t i o  6 : 1 .  H e n ce , 6000 
t r a n s i t i o n s  r e p r e s e n t e d  o n e  f u l l  t u r n  o f  t h e  r o t a t i o n  s h a f t  o f  t h e  t e s t  
a p p a r a t u s ,  g i v i n g  1 6 .6 6 7  t r a n s i t i o n s  p e r  d e g r e e .  T he e n c o d e r s  r e q u i r e d  a  
s u p p ly  v o l t a g e  (5v) w h ic h  w as p r o v id e d  b y  a  s t a b i l i s e d  p o w er s u p p ly  (DC).
APPENDIX SIX 
CALIBRATION DATA FOR STRAIN GAUGED TRANSDUCERS
In d e x  o f  C a l i b r a t i o n  D a ta
T a b le  A 6 .1  
T a b le  A 6 .2  
T a b le  A 6.3  
T a b le  A 6 .4  
T a b le  A 6 .5
I n p u t  T o rq u e  T ra n s d u c e r  
Long B o l t  T r a n s d u c e r  -
S h o r t  B o l t  T r a n s d u c e r  -
G auges
T o rq u e  G auges 
C o m p re ss io n  G auges 
T o rq u e  G auges 
C o m p re ss io n  G auges
13 4
I n p u t  T o rq u e  T r a n s d u c e r  G a u g e s  TABLE A 6 .1
A p p lie d
T o rq u e
L b f . f t .
T e s t  1
S t r a i n  R e a d in g  
T e s t  2 T e s t  3
[j s t r a i n  
T e s t  4 T e s t  5
L o a d in g
0 .7 2 . 1 . 2 . 1 3 .3
10 1 1 7 .2 1 1 9 .9 1 1 5 .5 1 2 1 1 1 9 .5
20 2 3 5 .3 2 2 9 .2 2 3 8 .1 2 3 7 .8 2 3 5 .4
30 3 4 3 .6 3 4 3 .4 3 5 1 .4 3 5 2 .4 351
40 4 6 0 .3 4 5 8 .4 4 6 7 .6 4 6 5 .7 4 6 0 .3
50 5 8 2 .6 5 7 9 .2 5 8 1 .8 5 8 1 .6 5 8 2 .8
60 6 9 2 .8 6 9 8 .6 6 9 6 .4 6 9 8 .3 6 9 3 .4
70 8 1 4 .1 805 8 0 7 .8 8 1 0 .9 8 0 2 .2
80 923 9 1 8 .6 9 2 2 .6 9 2 9 .7 9 1 7 .8
90 1 0 3 7 .6 1 0 3 2 .5 1 0 3 8 .7 1 0 4 3 .1 1 0 3 7 .8
10 0 1 1 4 8 .1 1 1 5 2 .2 1 1 5 0 .7 1 1 5 0 .7 1 1 4 7 .4
U n lo a d in g
10 0 1 1 5 5 .1 1 1 5 7 .2 1 1 5 1 .9 1 1 5 2 .6 1 1 5 2 .2
90 1 0 3 9 .4 1 0 4 1 .1 1041 1 0 3 9 .6 1 0 3 9 .1
80 9 2 7 .9 921 9 2 2 .5 9 2 6 .3 924
70 8 0 4 .3 8 0 3 .9 8 1 0 .1 8 0 3 .8 8 0 5 .5
60 6 8 8 .4 6 9 0 .6 6 9 2 .4 6 8 8 .8 6 9 4 .3
50 5 8 0 .8 5 7 6 .3 5 8 1 .6 582 5 7 3 .2
40 4 6 7 .7 4 6 5 .9 4 6 5 .5 4 6 4 .1 4 6 4 .4
30 3 4 5 .6 3 4 5 .4 3 4 2 .8 3 5 1 .8 3 4 7 .1
20 2 2 9 .1 2 3 0 .4 2 3 3 .9 2 3 7 .9 2 2 9 .9
10 1 1 7 .3 1 1 9 .6 1 1 4 .5 1 2 1 . 1 1 1 7 .8
0 . 6 - 1 7 .2 3 1 . 8
S lo p e 1 1 .5 2 3 1 1 .5 1 1 1 .4 9 8 1 1 .4 9 2 1 1 .4 7 3
Y - I n t e r c e p t 1 .6 4 5 1 .2 7 2 3 .8 9 5 .4 9 9 3 .5 8 6
S lo p e  E r r o r .0 6 5 .0 6 3 .0 5 7 .0 6 1 .0 5 4
S lo p e  E r r o r  % .5 6 .5 4
j 
•
1 ■ 
kO
 
1
.5 3 .4 7
M ean C a l i b r a t i o n  C o e f f i c i e n t :  8 .4 7  ( J s t r a in /N m
T o t a l  E r r o r  i n  C a l i b r a t i o n  C o e f f :  .0 9 8
P e r c e n t a g e  E r r o r  i n  C a l i b r a t i o n  C o e f f :  .8 5  %
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L ong  B o l t  T r a n s d u c e r  -  T o rq u e  G a u g e s  TABLE A 6 .2
A p p lie d  
T o rq u e  
L b f . f t .
T e s t  1
S t r a i n  R e a d in g  
T e s t  2 T e s t  3
j j s t r a i n  
T e s t  4 T e s t  5
L o a d in g
0 1 . 6 1 .4 2 .7 2 . 6 .4
1 0  1 6 9 .1 6 8 .5 7 0 .3 7 1 .6 6 5 .6
20 1 3 4 .3 1 3 3 .5 134 1 3 3 .1 1 3 1 .9
30 2 0 2 .8 2 0 2 .5 2 0 0 .6 2 0 1 .5 197
40 2 7 1 .1 2 6 5 .3 2 6 6 .4 2 6 5 .7 2 6 2 .2
50 3 3 1 .5 3 3 5 .7 3 3 5 .2 3 3 1 .6 3 3 0 .5
60 399 4 0 2 .3 3 9 9 .4 3 9 8 .7 3 9 5 .4
70 4 6 4 .8 4 6 8 .2 4 6 2 .6 466 4 6 2 .5
80 5 2 9 .8 526 5 2 5 .5 5 3 2 .2 5 2 7 .5
90 5 9 2 .8 5 9 0 .2 5 9 2 .7 5 9 6 .8 5 9 0 .2
10 0 6 6 2 .9 6 6 3 .7 6 5 8 .3 6 6 3 .7 663
U n lo a d in g
10 0 6 6 3 .6 6 6 3 .5 6 5 6 .3 6 6 4 .7 6 6 3 .7
90 5 9 3 .5 592 5 9 2 .1 591 5 9 6 .2
80 5 3 0 .6 5 2 8 .7 5 2 8 .4 526 5 3 1 .2
70 4 6 8 .1 4 6 6 .5 4 6 6 .8 4 6 7 .8 4 6 4 .2
60 4 0 2 .3 4 0 2 .1 4 0 0 .7 4 0 0 .8 3 9 6 .4
50 335 3 3 4 .9 3 3 4 .4 3 3 3 .6 3 3 3 .1
40 2 6 9 .2 2 6 9 .4 2 6 7 .6 2 7 0 .2 2 6 7 .3
30 2 0 2 .8 2 0 1 . 6 2 0 1 . 1 2 0 4 .8 2 0 0 .4
20 1 3 9 .5 1 3 8 .6 1 3 6 .3 1 3 7 .6 1 3 6 .2
10 7 1 .1 7 1 .9 7 2 .9 7 0 .7 6 9 .7
0 3 .3 0 3 .2 3 .4 .7
S lo p e 6 .5 7 6 6 .5 7 9 6 .5 3 7 6 .5 7 9 6 .6 0 2
Y - I n t e r c e p t 4 .7 6 3 4 .0 4 7 5 .2 9 4 .3 8 8 1 .0 3 4
S lo p e  E r r o r .0 4 1 .0 5 8 .0 3 9 .0 4 6 .0 4 1
S lo p e  E r r o r  % .6 2 .8 8 .5 9 .6 9 .6 2
M ean C a l i b r a t i o n  C o e f f i c i e n t :  4 .8 4 8  |J s t r a in /N m
T o t a l  E r r o r  i n  C a l i b r a t i o n  C o e f f :  ± .0 9 3
P e r c e n t a g e  E r r o r  i n  C a l i b r a t i o n  C o e f f :  ± 1 .4 1  %
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L o n g  B o l t  T r a n s d u c e r  -  C o m p r e s s io n  G a u g e s  TABLE A 6 .3
A p p lie d
L oad
T o n .f
T e s t  1
S t r a i n  R e a d in g  
T e s t  2 T e s t  3
s t r a i n  
T e s t  4 T e s t  5
L o a d in g
0 - 1 3 .9 1 .5 1 0 .7 - 6 . 2 1 5 .3
1 2 7 5 .3 2 7 5 .3 2 6 9 .2 2 6 6 .1 2 7 6 .9
2 5 4 7 .6 543 5 4 6 .1 5 4 7 .6 5 4 9 .2
3 820 8 2 1 .5 820 8 1 5 .3 8 1 6 .9
4 1 0 9 2 .3 1 0 9 3 .8 1 0 9 2 .3 1 0 9 5 .3 1 0 8 4 .6
5 1 3 7 6 .9 1380 1 3 7 2 .3 1380 1 3 7 2 .3
6 1 6 3 0 .7 1 6 3 6 .9 1 6 3 3 .8 1640 1 6 3 6 .9
7 1 9 2 1 .5 1 9 1 8 .4 1920 1 9 2 6 .1 1920
U n lo a d in g
7 1920 1 9 2 1 .5 1 9 1 8 .4 1923 1 9 1 6 .9
6 1 6 3 6 .9 1 6 3 6 .9 1 6 3 5 .3 1 6 4 7 .6 1640
5 1380 1380 1380 1 3 6 9 .2 1380
4 1 0 9 5 .3 1 0 9 5 .3 1 0 8 9 .2 1 0 9 6 .9 1 0 9 2 .3
3 8 2 6 .1 8 2 6 .1 8 2 4 .6 8 1 8 .4 820
2 5 5 0 .7 5 4 7 .6 5 4 7 .6 5 5 3 .8 5 4 6 .1
1 2 7 6 .9 2 7 8 .4 2 7 6 .9 2 7 5 .3 2 6 9 .2
0 1 8 .4 1 8 .4 4 .6 20 6 . 1
S lo p e 2 7 3 .5 3 1 2 7 3 .1 5 5 2 7 3 .1 5 1 2 7 4 .2 8 5 2 7 3 .0 5 6
Y - I n t e r c e p t 2 .3 0 8 4 .8 6 6 2 .7 8 3 .5 2 5 3 .2 2
S lo p e  E r r o r 2 .5 5 6 2 .0 3 9 1 .7 9 7 2 .3 0 4 2 .0 0 3
S lo p e  E r r o r  % .9 3 .7 4 .6 5 • 00
1
.7 3
Mean C a l i b r a t i o n  C o e f f i c i e n t :  2 7 .3 4  p s t r a i n / k N
T o ta l  E r r o r  i n  C a l i b r a t i o n  C o e f f :  ± 0 .3 1 7
P e r c e n ta g e  E r r o r  i n  C a l i b r a t i o n  C o e f f :  ± 1 .1 6  %
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S h o r t  B o l t  T r a n s d u c e r  -  T o r q u e  G a u g e s  TABLE A 6 .4
A p p lie d  
T o rq u e  
L b f . f t .
T e s t  1
S t r a i n  R e a d in g  
T e s t  2 T e s t  3
[ j s t r a i n  
T e s t  4 T e s t  5
L o a d in g
0 5 2 6 2 8
1 0 42 36 40 34 38
20 75 66 65 67 72
30 , 109 105 106 104 1 1 0
40 142 134 147 136 139
50 173 170 179 170 176
60 207 206 2 1 1 205 208
70 239 238 242 239 244
80 272 273 276 273 276
90 307 302 311 307 311
10 0 340 343 343 341 344
U n lo a d in g
10 0 341 346 349 340 348
90 307 305 311 308 315
80 274 271 274 271 276
70 243 244 246 236 248
60 208 205 2 0 1 2 0 2 2 1 1
50 173 169 166 169 174
40 139 136 139 135 142
30 105 104 1 0 1 103 106
20 69 67 66 66 65
10 36 35 33 35 37
0 4 6 1 3 7
S lo p e 3 .3 5 4 3 .3 9 5 3 .4 3 9 3 .3 9 4 3 .4 2
Y - I n t e r c e p t 5 .4 5 4 1 .2 9 5 1 .3 6 3 .5 2 2 4 .2 2 7
S lo p e  E r r o r .0 3 5 .0 5 2
00o* .0 2 7 .0 5 2
S lo p e  E r r o r  % 1 .0 4 1 .5 3 2 .3 2 .7 9 1 .5 2
M ean C a l i b r a t i o n  C o e f f i c i e n t :  2 .5 0 7  p s t r a in /N m
T o t a l  E r r o r  i n  C a l i b r a t i o n  C o e f f :  ± .1 1 5
P e r c e n t a g e  E r r o r  i n  C a l i b r a t i o n  C o e f f :  ± 3 .3 8  %
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S h o r t  B o l t  T r a n s d u c e r  -  C o m p r e s s io n  G a u g e s  TABLE A 6 .5
A p p lie d  
L oad  
L b f .
T e s t  1
S t r a i n  R e a d in g  
T e s t  2 T e s t  3
H s t r a i n  
T e s t  4 T e s t  5
L o a d in g
0 .6 .6 .3 .4 .9
10 0 0 6 3 .6 6 2 .3 6 2 .6 6 2 .7 6 4 .6
2000 124 1 2 3 .2 1 2 4 .9 1 2 5 .5 1 2 2 .4
3000 187 1 8 5 .8 1 8 6 .7 1 8 9 .2 1 8 7 .8
4000 2 4 5 .6 2 4 9 .5 2 5 2 .6 2 5 0 .4 2 5 2 .7
5000 314 3 1 1 .6 3 1 3 .5 314 3 1 3 .2
6000 3 7 8 .7 3 7 5 .6 3 7 7 .8 3 7 6 .1 3 7 8 .1
7000 442 4 4 0 .1 4 4 0 .3 4 3 9 .5 4 4 1 .5
8000 5 0 1 .5 496 503 5 0 2 .4 5 0 1 .2
9000 565 5 6 4 .7 5 6 3 .2 5 6 4 .7 5 6 4 .4
10 0 0 0 6 2 8 .7 6 2 7 .5 6 2 7 .6 6 2 7 .3 6 2 5 .8
U n lo a d in g
10 0 0 0 6 2 8 .1 6 2 9 .3 6 2 9 .3 629 628
9000 5 6 1 .8 563 5 6 4 .7 5 6 3 .5 5 6 3 .8
8000 498 4 9 8 .7 5 0 1 .8 5 0 1 .2 4 9 8 .6
7000 4 3 4 .1 4 3 4 .3 4 3 6 .9 439 4 4 1 .5
6000 373 3 7 2 .1 374 3 7 6 .3 3 7 6 .9
5000 3 0 8 .7 3 0 9 .5 3 1 0 .7 3 1 5 .3 3 1 6 .3
4000 245 2 4 6 .4 2 4 6 .4 2 5 2 .4 2 5 0 .4
3000 184 185 1 8 6 .4 1 8 8 .6 1 9 4 .6
2000 1 2 3 .3 124 1 2 4 .4 1 2 5 .6 1 2 6 .4
10 0 0 6 2 .3 6 4 .4 6 2 .7 6 2 .4 6 3 .5
0 0 .4 .4 .6 1
S lo p e .0 6 2 .0 6 2 6 .0 6 2 8 .0 6 2 6 .0 6 2 5
Y - I n t e r c e p t - 1 .6 9 4 - 1 .2 8 5 - .8 7 6 .3 3 6 1 .3 9
S lo p e  E r r o r .0 0 1 .0 0 0 4 .0 0 0 3 .0 0 0 1 .0 0 0 4
S lo p e  E r r o r  % 1 .6 1 .6 9 .5 . 2 2 .6 2
M ean C a l i b r a t i o n  C o e f f i c i e n t :  1 4 .0 2  p s t r a i n / k N
T o t a l  E r r o r  i n  C a l i b r a t i o n  C o e f f :  ± 0 .1 2 8
P e r c e n t a g e  E r r o r  i n  C a l i b r a t i o n  C o e f f :  ± 0 .9 1  %
139
APPENDIX SEVEN' 
EXPERIMENTAL RESULTS
In d e x  o f T e s t s
S u r f a c e J o i n t W asher
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T e s t
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APPENDIX EIGHT
Bolt Number: LB 9
nut- ro t ' - shank rot-'- shank d i sp l"  input torque shank torque t e n s io n
SET OF TYPICAL EXPERIMENTAL DATA
Degrees Degrees mm Nm Nm • KN
6 0 0 0000.46 0000.30 -000 .464
4.56000 0.060000 0.006000 0001.08 0000.45 -000 .2 65
12.6600 0.060000 0.017000 0002.14 0000.88 000.222
19.5000 0.120000 0.028000 8003.56 0001.47 000.914
£6.8800 0.180000 0.048008 0805.76 0002.36 002.009
32.4000 0.300000 0.053000 8008.48 0003.45 003.310
37.7400 0.420000 0.067000 0011.78 0804.72 004.926
42.9600 0.540000 0.081000 0015.32 0006.17 006.726
50.2800 0.720000 0.102000 0020.53 0008.19 009.229
56.9400 0.840000 0.126000 8025.38 .0010.08 011.544
62.2200 1.02000 0.145000 8029.46 0011.60 013.54267.8000 1.14000 0.163000 0033.59 0013.36 015.685
72.8400 1.26000 0.179080 0838.31 0014.90 017.61977.7000 1.38000 0.195000 0841.91 0016.41 019.469
82.5600 1.44000 8.209000 0845.87 0017.35 021.099
87.3000 1.68000 0.223000 0049.34 0019.18 023.101
91.3200 1.80000 0.237800 8051.28 0020.35 024.45594.8600 1.86000 0.250000 0055.36 0021.35 025.89699.1200 1.98000 0.265080 8058.81 0022.69 027.733
102.840 2.04000 0.270000 0061.48 0023.77 029.141
107.040 2.10000 0.291000 0064.19 0024.85 030.795
11 1 .240 £.22000 0.306000 0067.55 0026.14 032,506
114.240 2.40000 0.317000 0078.33 0026.99 033.585
118.320 2.46000_ 0.330008 0071.77 0028.14 035.047
121.980 2.58000 0.341000 0076.80 0029.29 036.639126.060 2.70000 0.355000 0879. 95. 0030.40 038.104
130.860 2.82000 0.374000 0080.77 0030.99 039.676
134.760 3.00000 0.388000 0087.94 0832.98 041.449139.140 3.12000 0.404800 0090.44 0033.23 042.868143.460 3.30000 0.417000 0094.69 0034.97 044.616148.020 3.42000 0.433000 0097.15 0035.74 046.199151.320 3.60000 0.444000 0099.65 0036.94 047.500
155.280 3.66008 0.457000 0182.84 0037.63 048.884
159.240 3.72000 0.469080 8105.05 0038.42 050.511
162.900 3.90000 0.481000 8104.95 0038.46 051.781
166.860 4.02008 0.494800 0108.69 0039.04 053.167
170.760 4.14808 0.509000 0111.87 0039.91 054.736
174.120 4.58000 0.520000 0113.86 0040.35 056.015178.508 4.68800 0.533000 0114.29 0040.13 057.331
181. 560 4.86080 0.542000 0118.85 0041.17 058.569
185.460 5.10000 0.553000 8120.73 0041.59 059.607
189.240 5.40000 0.564000 0122.43 0042.12 060.242
192.600 5.52000 0.575000 0122.98 0042.06 060.320
196.980 5.70000 0.586800 0122.85 0042.14 060.835
199.920 5.94080 0.593000 0125.49 0042.54 061.216
263.040 6.18080 0.601000 0123.88 0042.55 061.364
206.700 6.48800 0.610000 8126.26 0042.80 061.782
210.000 6.60080 0.620000 0124.62 0042.98 062.039
213.960 6.78008 0.631000 0126.97 0043.52 062.473
216.660 7.02000 0.640000 0127.79 0043.92 062.718
220.920 7.20000 0.650000 0124.56 0043.66 062.991
223.740 7.38008 0.656000 9129.04 0044.50 063.327
227.700 7.62000 0.667000 0128.18 0044.59 063.490
231.780 7.98008 0.678000 0129.30 0044.63 063.762
235.880 8.10000 0.688000 0131.02 0044.97 063.927
239.040 8.40000 0.697000 0128.84 0045.39 064.037
242.820 8.58000 0.706000 0132.49 0045.64 064.302
245.820 8.82000 0.714000 0132.00 0045.54 064.302
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2 4 9 . 3 6 0
2 5 2 . 1 8 0  
2 5 6 . 9 8 6  
2 6 0 . 1 0 0  
2 6 3 . 8 8 0  
2 6 8 . 5 6 0
2 7 1 . 1 4 0  
274.920 
2 7 9 . 0 0 0
2 8 2 . 3 6 0  
2 8 6 . 7 4 0  
2 9 0 . 4 0 0
2 9 2 . 1 4 0
2 9 2 . 1 4 0
9 . 2 4 8 0 0  
9 . 6 6 0 0 0  
9 . 7 8 0 6 0  
9 . 9 6 0 0 0  
1 0 . 3 2 0 0  
1 0 . 7 4 0 0  
1 1 . 1 6 0 0  
1 1 . 4 0 0 0  
1 1 . 7 6 0 0  
1 2 . 0 0 0 0  
1 2 . 3 6 0 0  
1 2 . 6 6 0 0  
1 2 . 9 0 9 0  
1 2 . 9 0 0 0
0 . 7 2 0 0 0 0  
0 . 7 2 7 0 0 0  
0 . 7 3 8 0 0 0  
0 . 7 4 4 0 0 0  
0 . 7 5 5 0 0 0  
0 . 7 6 4 0 0 0  
0 . 7 7 0 0 0 0  
0 . 7 7 7 0 0 0  
0 . 7 8 3 6 0 0  
0 . 7 9 1 0 0 0  
0 . 7 9 7 0 0 0  
0 . 8 0 3 0 0 0  
0 . 8 0 5 0 0 0  
0 . 8 0 5 0 0 0
0 1 3 3 . 0 9
0 1 3 4 . 9 8
0 1 3 2 . 0 1  
0 1 3 7 . 5 3  
0 1 3 7 . 4 6  
0 1 3 3 . 3 5  
0 1 3 8 . 8 8
0 1 3 5 . 9 9  
0 1 3 8 . 9 1  
0 1 3 9 . 2 8  
0 1 3 7 . 6 8  
0 1 4 0 . 1 4
0 1 2 9 . 0 2  
0 1 2 7 . 4 4
0 0 4 5 . 5 4  
0 0 4 6 . 1 5  
0 0 4 5 . 4 5  
0 0 4 6 . 6 9  
0 0 4 7 .  11 
0 0 4 6 . 7 7  
0 0 4 7 . 8 5  
0 0 4 7 . 2 7
0 0 4 8 . 6 1
0 0 4 8 . 6 2  
0 0 4 8 . 1 8  
0 0 4 9 . 5 2  
0 0 4 6 . 6 0  
0 0 4 6 . 1 7
0 6 4 . 4 9 9  
0 6 4 . 5 7 4  
0 6 4 . 6 6 5  
0 6 4 . 7 8 8  
064.796 
0 6 4 . 9 0 1  
0 6 4 . 9 6 5  
0 6 4 . 9 0 4  
0 6 5 . 0 0 6
0 6 4 . 9 2 8  
0 6 4 . 8 9 3
0 6 4 . 9 2 8  
0 6 4 . 6 8 2  
0 6 4 . 5 5 5
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APPENDIX NINE
A METHOD TO ESTIMATE SCATTER IN TEST DATA
9 .1  W e ib u ll  P l o t s
W e ib u l l  p l o t s  c a n  b e  u s e d  t o  e s t i m a t e  t h e  s c a t t e r ,  w h e re  t h e r e  i s  t e s t  t o  t e s t  
v a r i a t i o n  i n  e x p e r im e n ta l  d a t a .  W e ib u l l  (90) fo u n d  t h a t  t h e  p e r c e n ta g e  o f  a  
g ro u p  o f  t e s t s  t h a t  e x c e e d  a  p r e d e te r m in e d  v a lu e  i s  g iv e n  b y :
j i f
e  [ l ,J  1 1 ,
W here N0 i s  t h e  c h a r a c t e r i s t i c  v a l u e ,  N i s  t h e  p a r a m e te r  b e in g  a n a ly s e d  
a n d  m i s  t h e  'W e ib u ll  s l o p e ' .  T h u s , t h e  f r a c t i o n  t h a t  d o  n o t  a t t a i n  t h e  
p r e d e te r m in e d  v a l u e  i s :
( i j
F = e \ N l  [2 ]
R e - a r r a n g in g  e q u a t io n  [2] g i v e s :
i f f
>.\NL
1-F = [ 3 ]
T a k in g  n a t u r a l  l o g a r i t h m s ,
i ° g { i = ml°g N -miog n q [4]
T h is  e q u a t i o n  h a s  t h e  fo rm :
Y = m X + C [5 ]
T h is  e q u a t i o n  r e p r e s e n t s  a  s t r a i g h t  l i n e  w i th  a  s l o p e  m a n d  i n t e r c e p t  c  o n  t h e  
c a r t e s i a n  X , Y  c o o r d i n a t e s .  H ence a  p l o t  o f
l o g  l o g  71-F
a g a i n s t  l o g  N w i l l  a l s o  b e  a  s t r a i g h t  l i n e  w i th  s l o p e  m •
2
W e ib u ll  p a p e r  i s  r u l e d  w i t h l o g l o g   a s  t h e  h o r i z o n t a l  a x i s  a n d  l o a d  a s  t h e
1-F  y
1 5 7
v e r t i c a l  a x i s .  When e x p e r im e n ta l  d a t a  (X,Y)  i s  p l o t t e d  o n  t h i s  s c a l i n g ,  a  
s t r a i g h t  l i n e  i s  fo u n d  ( i f  t h e  d a t a  i s  n o rm a l ly  d i s t r i b u t e d )  t o  h a v e  a  s l o p e  m 
a n d  a  c h a r a c t e r i s t i c  v a lu e  N0 .
9 .2  Rank O rd e r  o f  T e s t  D a ta
To u s e  W e ib u ll  p l o t s ,  t h e  d a t a  p o i n t s  a r e  f i r s t  o r d e r e d  ( a r r a n g e d  i n
i n c r e a s i n g  o r d e r )  a n d  t h e  v a l u e  o f  F . d e te r m in e d  f o r  e a c h  r a n k  o r d e r .  I t  c a nil
b e  show n t h a t  t h e  j t h  r a n k  f o r  a  c a s e  w h e re  t h e r e  w e re  n  o b s e r v a t io n s  i s :
_  j  -  o . s
j  n t  0 . 4
The s c a t t e r  f o r ,  s a y  95% o f  b o l t s ,  c a n  b e  d e te r m in e d  fro m  t h e  s l o p e  o f  t h e  t h e  
W e ib u ll  p l o t  a s  i l l u s t r a t e d  i n  t h e  f o l l o w in g  ex a m p le .
9 .3  T y p ic a l  E xam ple
T a k in g  a s  a n  e x a m p le , t h e  c a s e  o f  t h e  g r a d i e n t s  o f  t h e  t o r q u e  -  t e n s i o n
r e l a t i o n s h i p  f o r  T e s t  No 1 .  O rd e r in g  t h e  g r a d i e n t s  g i v e s  t h e  f o l l o w in g :
G r a d ie n t Rank Number 7 X
1 .9 6 0 .0 6 7 3 0 .6 7 3 - 2 .6 6 4
2 .0 0 0 .1 6 3 5 0 .6 9 3 - 1 .7 2 3
2 .1 6 0 .2 5 9 6 0 .7 7 0 - 1 . 2 0 2
2 .1 7 0 .3 5 5 8 0 .7 7 5 - 0 .8 2 2
2 .2 0 0 .4 5 1 9 0 .7 8 8 - 0 .5 0 9
2 .2 9 0 .5 4 8 1 0 .8 2 9 -0 .2 3 0
2 .3 4 0 .6 4 4 2 0 .8 5 0 0 .0 3 3
2 .3 5 0 .7 4 0 4 0 .8 5 4 0 .2 9 9
2 .3 6 0 .8 3 6 5 0 .8 5 9 0 .5 9 4
2 .4 4 0 .9 3 2 7 0 .8 9 2 0 .9 9 3
Gr
ad
 1
en
t
The points are plotted as shown below. The 'Least Squares' method is 
used to determine the best f i t  line through the data points. Furthermore, 
the Correlation Coefficient is  used to determine the closeness of f i t  
of the line to the experimental data.
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APPENDIX TEN
ANALYSIS OF FRICTION BETWEEN TWO SURFACES
1 0 .1  A d d i t i o n a l  N o t a t i o n
At T ru e  a r e a  o f  c o n t a c t  b e tw e e n  s u r f a c e s
A = A re a  o f  g ro o v e d  t r a c k ,  show n b e lo w
h 9d  = D im en s io n s  d e f in e d  b e lo w
F = T o ta l  f o r c e  r e q u i r e d  f o r  s l i d i n g
S  = F o rc e  r e q u i r e d  t o  s h e a r  j u n c t i o n s
W = L oad  b e tw e e n  s u r f a c e s
P = F o rc e  r e q u i r e d  t o  d i s p l a c e  w a l l  o f  m e ta l  i n  f r o n t  o f  r i d e r
T. = S t r e s s  r e q u i r e d  t o  s h e a r  j u n c t i o n  ( s h e a r  s t r e n g t h )
a = Y ie ld  P r e s s u r e  o f  t h e  s o f t e r  m a t e r i a ly
jj. = C o e f f i c i e n t  o f  f r i c t i o n
1 0 .2  A n a ly s i s
Bowden a n d  T a b o r (82) c o n s i d e r e d  t h e  f r i c t i o n a l  r e s i s t a n c e  b e tw e e n  tw o 
s u r f a c e s  a s  t h e  sum o f  a  s h e a r i n g  a n d  p lo u g h in g  te r m ,  s o  t h a t :
T hey  c o n s i d e r e d  a  h a r d  h e m i - s p h e r i c a l  r i d e r  lo a d e d  a g a i n s t  a  f l a t  s u r f a c e ,  
w i t h  a  n o m in a l lo a d  a c t i n g ,  show n b e lo w .
F = S + P [1]
F
The e f f e c t  o f  t h e  lo a d  i s  t o  c a u s e  y i e l d i n g  o f  t h o s e  a s p e r i t i e s  o f  t h e  f l a t  
s u r f a c e  w h ic h  h a v e  made c o n t a c t  w i th  t h e  h a r d  r i d e r .  T h a t  i s ,  t h e  s u r f a c e  o f  
t h e  tw o  b o d ie s  h a v e  a d h e re d  w h e re v e r  c o n t a c t  h a s  o c c u r r e d .  T h is  g i v e s  r i s e  t o  
t h e  s h e a r i n g  te r m ,  s i n c e  f o r  t h e  r i d e r  t o  m ove, t h e s e  j u n c t i o n s  m u s t b e  
b r o k e n ,  s o  t h a t :
S  = A t x  [ 2 ]
I t  i s  a l s o  e v i d e n t  t h a t  f o r  t h e  r i d e r  t o  move h o r i z o n t a l l y  a n  a d d i t i o n a l  f o r c e  
i s  a l s o  r e q u i r e d  t o  d i s p l a c e  a  w a l l  o f  m e ta l  a h e a d  o f  t h e  h e m is p h e re  i n  t h e  
d i r e c t i o n  o f  m o tio n  a s  i t  s i n k s  i n t o  t h e  s o f t e r  m e ta l .  The p lo u g h in g  te r m  i s  
g iv e n  b y :
P = A o [ 3 ]
y
The a r e a  o f  t h e  g ro o v e d  t r a c k  (4) c a n  b e  r e g a r d e d  a s  t h a t  o f  se g m e n t AOBC. To 
a  f i r s t  a p p r o x im a t io n ,  t h e  a r e a  o f  t h e  se g m e n t i s :
. 2 h d
A “ 3
T h e r e f o r e  t h e  f r i c t i o n a l  r e s i s t a n c e  d u e  t o  t h e  p lo u g h in g  te rm  i s ,  fro m  
e q u a t io n  [3 ] :
P -  ° y
S u b s t i t u t i n g  [2] a n d  [4] i n t o  e q u a t i o n  [1] g i v e s  t h e  f r i c t i o n a l  f o r c e  a s :
, 2 h d „
F = At V — 3—  y
F o r  l i g h t  l o a d s ,  t h e  d e p th  o f  i n d e n t a t i o n  i s  s m a l l ,  s o  t h e  p lo u g h in g  te rm  
becom es i n s i g n i f i c a n t .  I n  t h a t  c a s e ,  t h e  f r i c t i o n a l  f o r c e  c o n s i s t s  o f  o n ly  
t h e  s h e a r i n g  te rm  s o  t h e  c o e f f i c i e n t  o f  f r i c t i o n  i s  d e f in e d  a s :
F A X- F
R W A o ct A ~ At  [ 5 ]t y y
160
T h i s  e q u a t i o n  s u p p o r t s  t h e  c l a s s i c a l  la w s  d u e  t o  A m o n to n s .
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APPENDIX ELEVEN 
DEFLECTION OF THE TEST JOINT
1 1 .1  T e s t  J o i n t  D im e n s io n s  a n d  P a r a m e t e r s
A = 1 1 3 .1  mm2
A n = 1 9 9 .2  mm2
As = 8 4 .3  mm2
c i, = 2 .3 4 4
Cn = 3 .5 3 9
d = 1 2 . 0  mm
d 2
= 1 0 .1 0 6  mm
d h = 1 3 .0  mm
d o
= 1 9 .0  mm
E = 207 kN/mm2
I = 125 mm (lo n g ) 40 mm ( s h o r t )
l l
= 104 mm ( lo n g ) 19 mm ( s h o r t )
l 2 = 2 1  mm (lo n g ) 2 1 mm ( s h o r t )
t n = 1 0  mm
1 1 .2  D e f l e c t i o n s  o f  t h e  I n d i v i d u a l  C om ponen ts o f  t h e  J o i n t
T he d e f l e c t i o n s  o f  t h e  co m p o n en ts  o f  a  b o l t e d  j o i n t  a r e  d e te r m in e d  i n  C h a p te r  
T h re e .  From  e q u a t io n  [3 .2 ]  t h e  e x t e n s i o n  o f  t h e  b o l t  s h a n k  i s :
t>s h ~ 2 0 .1 5  x l O 4 mm/kN ( s h o r t  b o l t )  [ l a ]
bs h  = x  10 4 mm/kN ( lo n g  b o l t )  [ l b ]
From  e q u a t i o n  [ 3 . 3 ] ,  t h e  d e f l e c t i o n  o f  t h e  b o l t  h e a d  i s :
t>h  = 3 .0 7 5  x  10" 4 mm/kN [2 ]
8 -  6 , + 6 + 6
t  t h  b n
F rom  e q u a t i o n  [ 3 . 7 ] ,  t h e  d e f l e c t i o n  o f  t h e  t h r e a d e d  c o n n e c t i o n  i s :
w h e r e ,  f ro m  A p p e n d ix  t h r e e ,
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6^  = 3 .6 5  x  10 mm/kN [ 3 ]
an d
-4b = 0 .8 7  x  10 mm/kN n [ 4 ]
an d
= 2 .0 5  x  10 4 mm/kN [5 ]
The e q u a t io n  p ro p o s e d  i n  C h a p te r  t h r e e  t o  d e te r m in e  t h e  d e f l e c t i o n  o f  t h e  
c lam p e d  p a r t s  i s  i n a p p r o p r i a t e  s i n c e  t h e  t r a n s d u c e r s  a r e  t o o  s l e n d e r .  
C o n s e q u e n t ly ,  t h e  f o l l o w in g  e q u a t i o n  w i l l  b e  u s e d :
4 I6
P * E ( d 2 -  d l )  o n
mm/kN
F o r  t h e  lo n g  b o l t  t e s t  j o i n t ,  t h e  d e f l e c t i o n  i s :
[6]
b = 3 9 .4 0  x  10 4 mm/kN 
P
[ 6a]
a n d  f o r  t h e  s h o r t  b o l t  t e s t  j o i n t :
b = 1 2 .8 0  x  10 4 mm/kN 
P
[ 6 b ]
1 1 .3  D e f l e c t i o n  o f  t h e  T e s t  J o i n t  r e l a t i v e  t o  t h e  T e s t  A p p a ra tu s
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F o r t h e  Long b o l t  t e s t  j o i n t :
k = 0 .5 6  [7b]
1 1 .4  D e r iv a t io n  o f  D e f le c t io n s  from  t h e  E x p e r im e n ta l R e s u l ts
I t  was assum ed t h a t  t h e  c o m p re ss io n  r a t e  o f  t h e  c lam ped p a r t s  and  th e  
e x te n s io n  r a t e  o f  t h e  b o l t  shank  a r e  r e p e a ta b l e  and  g iv e n  by  e q u a t io n s  [1 ] and  
[6] .  F o r t h e  a n a l y s i s ,  i t  i s  m ore c o n v e n ie n t  t o  u s e  t h e  g r a d i e n t s  w h ich  a r e  
r e a d i l y  d e r iv e d  from  th e  t e s t  d a t a ,  r a t h e r  th a n  th e  in s ta n ta n e o u s  v a lu e s .
d e f l e c t i o n  o f  t h e  b o l t  h ead  and  t h e  engaged  p a r t  o f
-  2 0 .1 5  x  10 4 mm/kN ( s h o r t )  [8a]
-  7 8 .5 6  x  10 4 mm/kN (long ) [8b]
From e q u a t io n  [ 5 .5 ] ,  t h e  d e f l e c t i o n  o f  t h e  th r e a d  f la n k s  and  th e  n u t  body i s :
\ h + bn = 1TF0 -  1 2 - 8 *  10-4  mm/kN ( s h o r t )  [ 9 a l
bt h + bn = ~ s k % o -  J F 0-  1 7 ’ 3 *  10~4 mm/kN (long )
T hese  v a lu e s  a r e  d e te rm in e d  f o r  e a c h  b o l t  t e s t  i n  T a b le s  A l l . l  & A l l . 2 ( s h o r t  
b o l t s )  and  T a b le s  A l l . 3 & A l l . 4 ( lo n g  b o l t s ) .
F o r  t h e  S h o r t  b o l t  t e s t  j o i n t :
k = 0 [7 a]
From e q u a t io n  [ 5 .2 ] ,  t h e  
t h e  th r e a d e d  shank  i s :
h b dP0
v , V _ dtil
h b "
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A n a ly s is  o f  D e f le c t io n s  -  S h o r t  B o l t s  - U n p la te d TABLE A l l . l
B o l t T o ta l J o i n t Shank D e f le c t io n D e f le c t io n  o f
Number D e f le c t io n D isp la c e m e n t f la n k s  and eng ag ed  sh an k
n u t  body and  b o l t  head
6
x  10~4 mm/kN
Al
x  10 4 mm/kN
t h  n 
x  10 4 mm/kN
V 67z 
x  1 0 4 mm/kN
SB-1 52 3 3 .1 6 . 1 1 2 .9 4
SB-2 53 3 1 .3 8 .89 1 1 .1 5
SB-3 4 6 .2 3 1 .6 1 . 8 1 1 .4 4
SB-4 4 8 .6 3 0 .9 4 .9 1 0 .7 5
SB-5 5 0 .1 3 2 .2 5 .1 1 2 .0 5
SB-6 4 7 .6 2 9 .8 5 9 .6 4 0
SB-7 5 0 .5 3 2 .3 5 .4 1 2 .1 5
SB- 8 4 7 .6 3 1 .6 3 .2 1 1 .4 4
SB-9 5 0 .1 3 0 .1 7 .2 9 .939
SB-10 53 3 1 .2 9 1 1 .0 4
SB-11 4 9 .1 31 5 .3 1 0 .8 5
SB-12 4 7 .6 3 1 .3 3 .5 1 1 .1 5
SB-13 4 7 .2 3 0 .4 4 1 0 .2 5
SB-14 4 6 .2 2 9 .9 3 .5 9 .7 5
SB-15 4 5 .2 2 9 .3 3 .1 9 .140
Mean D e f le c t io n  o f  t h r e a d  f l a n k s  and  n u t  body:
ft. 7 f  6 = 5 .0 6  + 74 .4%t h  n
Mean D e f le c t io n  o f  engaged  shank  and  b o l t  head :
bb + bh = 10,91 1 13,3
A n a ly s is  o f  D e f le c t io n s  -  S h o r t  B o l t s  - Z in c  p la t e d
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TABLE A l l . 2
B o l t T o ta l J o i n t Shank D e f le c t io n D e f le c t io n  o f
Number D e f le c t io n D isp la c e m e n t f la n k s  and engaged  sh an k
n u t  body and  b o l t  head
6 td 6 ,  + 6t h  n %  + \
x  10 4 mm/kN x  10 4 mm/kN x  1 0 4 mm/kN x  10 4 mm/kN
SZ-1 4 5 .2 2 9 .8 2 .6 9 .6 4 0
SZ-2 4 6 .2 3 0 .8 2 .6 1 0 .6 5
SZ-3 4 4 .7 3 0 .2 1 .7 1 0 .0 4
SZ-4 5 0 .5 3 2 .7 4 .9 1 2 .5 5
SZ-5 4 6 .2 3 1 .7 1 .7 1 1 .5 4
SZ-6 4 7 .6 3 2 .9 1 .9 1 2 .7 4
SZ-7 5 1 .1 3 2 .1 6 .2 1 1 .9 4
SZ-8 4 8 .6 3 1 .4 4 .4 1 1 .2 5
SZ-9 53 3 3 .2 6 .9 13 .0 5
SZ-10 4 8 .1 3 0 .2 5 .1 1 0 .0 4
SZ-11 5 0 .5 31 6 .7 1 0 .8 5
SZ-12 4 8 .6 3 0 .5 5 .3 1 0 .3 5
SZ-13 51 3 1 .3 6 .9 1 1 .1 5
SZ-14 4 7 .6 2 9 .9 4 .9 9 .7 5
SZ-15 4 5 .7 2 9 .4 3 .5 9 .2 5
Mean D e f le c t io n  o f  th r e a d  f l a n k s  and  n u t  body;
6 + 6  = 4 .3 5  ± 8 2 %t h  n
Mean D e f le c t io n  o f  engaged  shank  and  b o l t  head ;
t>b + t  = 1 0 .9 8  ± 1 5 .3 %
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A n a ly s is  o f  D e f le c t io n s  -  L o n g  B o l t s  - U n p la te d TABLE A l l . 3
B o l t T o ta l  J o i n t Shank D e f le c t io n D e f le c t io n  o f
Number D e f le c t io n D isp la c e m e n t f la n k s  and e ngaged  shank
n u t  body and  b o l t  h ead
6 AI 6 , + 6t h  n V + ^
x  104 mm/kN x  10-4 mm/kN x  10-4  mm/kN x  10~4 mm/kN
LB-1 104 .9 84 3 .6 5 .3 4
LB-2 114 .9 8 7 .5 1 0 .1 8 .8 4
LB-3 1 1 5 .1 9 1 .2 6 .6 1 2 .5 4
LB-4 1 10 .4 8 8 .7 4 .4 1 0 .0 4
LB-5 103 .9 8 5 .4 1 .2 6 .7 5
LB-6 1 15 .8 9 1 .2 7 .3 1 2 .5 4
LB-7 115 .8 9 2 .3 6 .2 1 3 .6 5
LB-8 1 1 3 .1 9 1 .3 4 .5 1 2 .6 5
LB-9 1 14 .4 9 0 .5 6 .6 1 1 .8 4
LB-10 1 1 7 .1 9 1 .5 8 .3 1 2 .8 4
LB-11 1 13 .6 9 0 .7 5 .6 1 2 .0 4
LB-12 110 .3 8 9 .3 3 .7 1 0 .6 5
LB-13 1 1 1 .4 8 5 .4 8 .7 6 .7 5
LB-14 1 1 0 .2 8 5 .9 7 7 .2 5
LB-15 114 .9 90 7 .6 1 1 .3 4
Mean D e f le c t io n  o f  th r e a d  f l a n k s  and  n u t  body :
ftt, + 8 = 6 .0 9  ± 71 %t h  n
Mean D e f le c t io n  o f  engaged  sh an k  and  b o l t  h e a d :
6b + t>h = 1 0 .3 3  ± 4 7 %
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A n a ly s is  o f  D e f le c t io n s  -  L o n g  B o l t s  - Z in c  p la t e d TABLE A l l . 4
B o l t T o ta l  J o i n t Shank D e f le c t io n D e f le c t io n  o f
Number D e f le c t io n D isp la c e m e n t f la n k s  and 
n u t  body
eng ag ed  sh an k  
and  b o l t  head
6
x  10 4 mm/kN
AZ
x  10 4 mm/kN
5, 7 + 5t h  n 
x  10 mm/kN
V ?  bh
x  10 mm/kN
LZ-1 109 .6 8 6 .6 5 .7 7 .9 4
LZ-2 1 0 9 .7 8 7 .7 4 .7 9 .0 4
LZ-3 111 .2 8 6 .1 7 .8 7 .4 4
LZ-4 11 4 .8 8 7 .4 1 0 .1 8 .7 5
LZ-5 1 1 4 .7 9 2 .3 5 .1 1 3 .6 5
LZ-6 1 0 7 .7 8 4 .4 6 5 .7 5
LZ-7 11 3 .5 8 6 .3 9 .8 9 7 .6 5
LZ-8 1 1 8 .6 8 9 .8 1 1 .5 1 1 .1 5
LZ-9 109 .4 8 8 .6 3 .5 9 .939
LZ-10 1 1 5 .8 9 3 .8 4 .7 1 5 .1 5
LZ—11 112 .5 8 5 .5 9 .7 6 .8 4
LZ-12 109 .2 8 6 .3 5 .6 7 .6 5
LZ-13 1 1 4 .1 9 2 .4 4 .4 1 3 .7 5
LZ-14 112 .3 8 9 .9 5 .1 1 1 .2 5
LZ-15 115 .4 9 0 .9 7 .2 12 .2 5
Mean D e f le c t io n  o f  th r e a d  f l a n k s  and  n u t  body :
to.-, + 5  = 6 .7 3  ± 62 %t h  n
Mean D e f le c t io n  o f  engaged  sh an k  and  b o l t  head :
bb + b h = 9 ,4 4  *  50 %
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T a b le s  A l l . l  t o  A l l . 4 i n d i c a t e  t h a t  t h e  m easured  d e f l e c t i o n s  o f  t h e  th r e a d e d  
c o n n e c t io n  and  t h e  b o l t  h ead  a r e  s u b je c t  t o  c o n s id e r a b le  e r r o r .  To a c c o u n t  
f o r  t h e s e  e r r o r s  c o n s id e r a t io n  m ust b e  g iv e n  t o  t h e  u n c e r t a i n t i e s  i n  t h e  
m easu red  o v e r a l l  d e f l e c t i o n  (6) and  th e  sh an k  d is p la c e m e n t  (aZ ) .
C o n s id e r , f o r  i n s t a n c e ,  t h e  d e f l e c t i o n s  f o r  t h e  s h o r t  b o l t  t e s t s  ( u n p la t e d ) . 
The mean o v e r a l l  d e f l e c t i o n  i s :
4 .9 5  x  10 3 mm/kN ± 1 0 .1 %  (± 0 .4 9 5  x  10 3 mm/kN)
The sh an k  d is p la c e m e n t  i s :
3 .1 4  x  10 3 mm/kN ± 6.9% (±0.2166 x  10 3 mm/kN)
From e q u a t io n  [ 9 a ] , th e  d e f l e c t i o n  o f  t h e  th r e a d s  and  t h e  b o l t  h ead  i s :
i> h + bn = (4 .9 5  -  3 .1 4  -  1 .2 8 )  ± 0 .7 1 2  x  10~3 mm/kN = 0 .5 3  ± 0 .7 1 2
I t  c a n  b e  se e n  t h a t  t h e  v a r i a t i o n s  i n  t h e  m easured  shank  d is p la c e m e n t  and  
j o i n t  d e f l e c t i o n s  c a n  c r e a t e  s u b s t a n t i a l  e r r o r  i n  t h e  d e f l e c t i o n  o f  t h e  
th r e a d s  and  b o l t  h e a d .
In  a  s i m i l a r  m anner, t h e  d e f l e c t i o n  o f  t h e  b o l t  shank  (engaged) and  n u t  bod y , 
from  e q u a t io n  [ 8 a ] ,  i s :
+ b, = 1 .1 2 5  ± 0 .2166  x  10 3 mm/kN
H ence, t h i s  d e f l e c t i o n  c a n  a l s o  b e  s u b je c t  t o  c o n s id e r a b le  v a r i a t i o n .
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